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Submarine hydrothermal vent systems hosted at sedimented mid-ocean ridges are 
often associated with larger seafloor massive sulfide deposits than typical sediment-free 
mid-ocean ridge systems. The Juan de Fuca spreading ridge contains both sediment-hosted 
and sediment-free hydrothermal systems (Middle Valley and Axial Volcano, respectively). 
The ridge also contains the Endeavour vent field, which occurs at the outer extent of 
turbiditic sediments, where the seafloor is currently sediment-free and consists of basaltic 
lava flows, but evidence from hydrothermal vent fluid composition suggests the presence 
of buried sediment. Multiple sulfur isotope ratios of hydrothermal precipitates from these 
three sites were analyzed to isotopically fingerprint differences in hydrothermal sulfur 
cycling associated with sedimented and sediment-free substrates. A three-component 
mixing model in ∆33S and δ34S space was developed that represents the differing 
contributions of sulfur derived from seawater, magmatic sources, and both sediment and 
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At mid-ocean ridges, magma bodies beneath the seafloor provide a heat source that 
causes seawater that has infiltrated the oceanic crust to become thermally buoyant and 
drive convective fluid circulation beneath the seafloor. The hot, thermally buoyant water 
(or hydrothermal fluid) rises through fluid pathways (typically faults) in the crust and is 
discharged at the ocean-seafloor interface (e.g., Jamieson et al., 2016 and references 
therein). Dissolved chemical constituents in the hydrothermal fluid can be derived from 
leaching of host rocks, solutes originally dissolved in seawater, magmatic volatiles, and 
biological processes (McDermott et al., 2015 and sources therein). The chemical 
constituents present in hydrothermal fluid can precipitate upon the changes in temperature, 
pH and redox conditions associated with mixing of the hot (up to ~400℃), acidic, reduced 
hydrothermal fluid with cold (~2℃), alkaline, oxidized ambient seawater at hydrothermal 
vents, forming mineral accumulations on the seafloor such as chimneys and mounds 
(Hannington et al., 1995). When the precipitates are composed primarily of sulfide 
minerals, the aggregates of sulfide, sulfate, and silicate minerals that comprise the vents 
and mounds are referred to as seafloor massive sulfide (SMS) deposits.  
Some known SMS deposits are large enough (e.g., > 1 Mt) to be potentially 
economically viable as sources for Cu, Zn, Pb, Ag, and Au (Hannington et al., 2011 and 
sources therein). The formation of large SMS deposits, however, required specific 
geological criteria to be satisfied. Specifically, large SMS deposit formation requires a 
long-lived hydrothermal system and a consistently maintained trapping mechanism (e.g., 
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sediment), for the precipitation of metal sulfide minerals. Determining the factors affecting 
fluid cycling and fluid-rock interactions at hydrothermal vent locations can help constrain 
if geological and biological conditions at a site may be favourable for forming large SMS 
deposits.  
Stable isotopes of elements present in mineral deposits can be used to trace 
processes associated with fluid cycling in submarine hydrothermal systems (e.g., Ohmoto, 
1972; Ono et al., 2007). In this thesis, stable isotopes are applied as a tool to identify and 
constrain different geologic conditions related to the formation of seafloor massive sulfide 
deposits. Multiple S isotope studies involve characterizing the relative abundances of four 
different stable S isotopes (33S, 34S, and 36S, relative to 32S) by quantifying the deviation 
of isotope abundance ratios from a standard reference material. The use of multiple S 
isotope signatures to constrain fluid/rock interactions in hydrothermal systems is relatively 
new and thus several outstanding questions remain regarding the application of this 
approach to modern SMS forming systems (Ono et al., 2007; Jamieson et al., 2013; 
McDermott et al., 2015).  
1.2 Objectives  
The Juan de Fuca mid-ocean ridge, off the coast of Vancouver Island, B.C. and the 
Pacific Northwestern United States, hosts several hydrothermal systems in geologically-
distinct settings, including Middle Valley, a sediment-infilled ridge segment that contains 
one of the largest known seafloor massive sulfide deposits on the modern ocean floor; 
Axial volcano, a sediment-free active submarine hotspot volcano; and the Endeavour 
Hydrothermal Vents Marine Protected Area, which is hosted on a basaltic substrate that 
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has been hypothesized to have erupted onto previously deposited sediments (Lilley et al., 
1993; You et al., 1994; Kelley et al., 2012; Seyfried et al., 2003). At these sites, the multiple 
S isotopic compositions of hydrothermal precipitates were determined in order to 
investigate differences in hydrothermal S cycling within these environments, and link these 
differences to the presence of subseafloor buried sediments and the potential for formation 
of large, sediment-hosted SMS deposits. In this thesis, I hypothesized that interactions 
between hydrothermal fluids and sediments may be identified by isotopic signatures that 
record kinetic fractionations associated with microbial sulfate reduction. The S isotope 
signatures were investigated through the comparison of results from known sedimented 
and sediment-free sites (Middle Valley and Axial Volcano, respectively) and a site of 
unknown, but hypothesized buried sediment (Endeavour). 
Axial Volcano S isotope signatures were hypothesized to be representative of 
endmember S mixing between seawater sulfate and basalt-derived S. Middle Valley S 
isotope signatures were hypothesized to be representative of S mixing between basalt-
derived S and seawater sulfate with the added influence of biogenic sulfide contribution 
from sediments. The detection of potential buried sediment was hypothesized to be 
identifiable at Endeavour by using a S reservoir mixing model to compare Endeavour S 
isotope signatures with both S isotope signatures from Middle Valley and  Axial Volcano 
as sedimented and sediment-free endmembers.    
The main objectives of this thesis were: 1) To characterize the S isotope signatures 
of seafloor massive sulfide deposits from geologically different environments in order to 
link S cycling associated with submarine hydrothermal systems to the geology of the 
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substrate; 2) To investigate multiple S isotope signatures as they relate to fluid/rock and 
microbial interactions in modern hydrothermal environments; and 3) To substantiate the 
use of S isotope signatures as a proxy for identification of potentially large seafloor 
massive sulfide deposits.  
 
1.3 Submarine Hydrothermal Systems 
Hydrothermal vents occur where seawater infiltrates permeable oceanic crust at 
geologic settings associated with volcanism, such as subduction related volcanic arcs and 
back-arcs, intraplate volcanoes, and mid-ocean ridges (Hannington et al., 2004). The 
relative proximity of the magma chamber to the seafloor causes the infiltrated seawater to 
become heated, driving chemical exchange with the host rock and convective circulation 
(Bischoff and Seyfried, 1978; Bischoff and Rosenbauer, 1988; Edmond et al., 1979). Upon 
progressive heating of seawater,  anhydrite, which has retrograde solubility, will begin to 
precipitate when the fluid reaches 150˚C (Elderfield et al, 1999), followed by precipitation 
of magnesium-hydroxy-sulfate hydrate at 250˚C (Janecky and Seyfried, 1983). As the 
temperatures continue to increase as the fluid descends further, the now-modified seawater 
will leach metals and S from the surrounding host rock (Hannington et al., 1995). At 
temperatures of ~400˚C, the hot hydrothermal fluid becomes thermally buoyant, ascends 
to the seafloor along crustal permeability pathways, and discharges at the seafloor, leading 
to continuous subseafloor hydrothermal circulation and venting (Delaney et al., 1992; 
Hannington et al., 1995). When the hot hydrothermal fluid mixes with the cold ambient 
seawater at or near the seafloor, metal sulfides, sulfates, and amorphous silica precipitate, 
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leading to the formation of chimney structures and seafloor massive sulfide (SMS) deposits 
on the seafloor, and replacement style mineralization below the seafloor (Spiess et al., 1980, 
Hannington et al. 2005; Jamieson et al., 2014). 
At sediment-free mid-ocean ridge (MOR) hydrothermal systems (e.g., East Pacific 
Rise [EPR] type), most of the metal sulfides (~95%) become entrained in the resultant 
hydrothermal plume emanating from the chimney, thereby dispersing over a wide area, 
either as sediment fallout or by dissolving back into seawater (Baker et al., 1985; Mottl and 
McConachy, 1990; Feely et al., 1994; Metz and Trefry, 1993). However, at locations 
proximal to continental shelves, turbidity currents can cause hydrothermal vents to be 
buried by terrigenous sediments (Davis et al., 1992a; Davis and Fisher, 1994). When the 
surrounding cold, dense, seawater infiltrates the sediments at hydrothermally active areas, 
fluid mixing below the seafloor results in the formation of an altered sediment reservoir 
cap, as well as a thermally insulated, highly permeable basement reservoir that promotes 
mineral precipitation below the seafloor (Davis et al., 1992a; Davis and Fisher, 1994; 
Zierenberg et al., 1993). This enhanced subseafloor mixing zone results in metal sulfides 
that would otherwise be lost in the hydrothermal plume to become trapped, thereby 
potentially forming larger SMS deposits (Davis et al., 1992a; Zierenberg et al., 1998). 
1.4 Study Areas 
1.4.1  The Juan de Fuca Ridge  
The Juan de Fuca Ridge (JdFR) is a 490 km long, intermediate rate (full-spreading 
rate of ~6 cm/year) mid-ocean ridge that lies off the coast of Vancouver Island and the 
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Pacific Northwestern United States, and separates the Juan de Fuca and Pacific Plates (Barr 
and Chase, 1974; Vine and Wilson, 1965; Johnson and Embley, 1990; Chadwick et al., 
2005). The JdFR is intersected by the Sovanco Transform Fault Zone and Nootka Fault 
Zone to the north, and the Blanco Transform Fault Zone to the south (Fig. 1.1)(Willoughby 
and Hyndman, 2005). The JdFR has seven geomorphologically distinct axial segments 
(listed from north to south): West Valley, Endeavour, Northern Symmetric, Coaxial, Axial, 
Vance, and Cleft (Fig. 1.1)(Van Ark et al., 2007). West Valley forms part of a distinct series 
of ridges and rift valleys: East Ridge, East Valley, Middle Ridge, Middle Valley, West 
Ridge, and West Valley (Barr and Chase, 1974; McManus et al., 1972). Around 10 to 15 
thousand years ago, active spreading is thought to have shifted from the sediment infilled 
Middle Valley, to West Valley, which contains younger basalt flows that lack the alteration 
or oxide coatings typical of older, weathered basalt flows (Barr and Chase, 1974; Davis 
and Villinger, 1992). Further south, a mantle plume known as the Cobb hot spot exists 
beneath the Axial segment (Barr and Chase, 1974; Chadwick et al., 2005). Several of the 
segments have distinct axial valleys with widths from 1 to 8 km and corresponding axial 
graben walls that vary in height from ~50 m to ∼250 m (Carbotte et al., 2006). The three 
hydrothermal vent fields on the JdFR that were investigated in this study are Middle Valley 
(located near the actively spreading West Valley Segment), Endeavour Hydrothermal 
Vents Marine Protected Area (hereafter referred to simply as ‘Endeavour’), and Axial 
Volcano (Fig. 1.1). Both Endeavour and Middle Valley are currently considered 
volcanically inactive (Jamieson et al., 2013a; Goldstein et al., 1991; Johnson et al., 2000; 
Proskurowski et al., 2004; Riddihough, 1984; Volpe and Goldstein, 1993; Barr and Chase, 
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1974), while volcanic eruptions at the Axial have been recorded as recently as 2015 




Figure 1.1: The Juan de Fuca Ridge, with corresponding segmentation and major geographic and geological features in the 
surrounding area. Greyscale bathymetry is satellite-derived gravity model of seafloor topography (Smith and Sandwell, 1997) 
with a resolution of 1-4 km. Coloured bathymetry (depths displayed in meters) represents ship-based acoustic multibeam sonar 




1.4.1.1 Middle Valley 
Middle Valley is a ~2460 m deep, ~50 km long, ~15 km wide sediment covered 
relict oceanic spreading center located on the northeastern most part of the Juan de Fuca 
Ridge, ~200 km off the coast of Vancouver Island (Cruse et al., 2008; Goodfellow and 
Franklin, 1993; Ames et al., 1993). Pleistocene turbiditic sediment buildup in the axial 
valley reaches a maximum thickness of ~2 km in the northern most region of the valley 
and thins southward to a minimum thickness of a few hundred meters (Davis and Villinger, 
1992; Butterfield et al., 1994). Evidence for the shift in active seafloor spreading from 
Middle Valley, to West Valley (Fig. 1.2) includes magnetic anomaly patterns, and a 
relative lack of post-Pleistocene subsidence at Middle Valley when compared to West 
Valley and the Endeavour segment to the south (Davis and Villinger, 1992). The long lived 
(150,000 – 200,000 year-old) hydrothermal system at Middle Valley is thought to be 
maintained by an altered sediment cap reducing heat loss in the igneous basement (Golden 
et al., 2003; Scholten et al., 2000; Davis and Villinger, 1992; Goodfellow and Blaise, 
1988). Middle Valley has two known active vent field areas: Dead Dog and Bent Hill 
(Davis and Villinger, 1992; Butterfield et al., 1994). These sites were the focus of 




Figure 1.2: Map of Middle Valley, showing corresponding locations of the active vent 
fields. Coloured bathymetry (depths displayed in meters) represent ship-based acoustic 
multibeam sonar data (Merle, 2015) with a 100 m grid cell size. Greyscale bathymetry 
(used to fill in gaps) is satellite-derived gravity model of seafloor topography (Smith and 
Sandwell, 1997) with a resolution of 1-4 km. Modified from Peter et al. (1994) and Barr 
and Chase (1972). Samples analyzed from Site 856 in this study, indicated by pink circles 
on the map, are R1942-Rck10, R1942-Rck16, and R1942-Rck8.  
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The Dead Dog hydrothermal vent field is a ~700 m by 250 m cluster of 
hydrothermal vents located within the Area of Active Venting (AAV), also known as 
IODP Site 858 (Fig. 1.2)(Davis et al., 1992c; Davis and Villinger, 1992; Fisher et al., 
1997). Dead Dog contains at least eight main vent sites that are primarily comprised of ≤ 
1.2 m tall sulfide-poor, anhydrite-rich chimneys situated atop mounds of up to 15 m in 
height and 35 m in diameter (Davis et al., 1992c; Ames et al., 1993). Evidence from 
recovered drill core indicate that the subsurface at Dead Dog is generally comprised of 
hydrothermally altered hemipelagic and turbiditic sedimentary sequences that contain 
disseminated pyrite, carbonate nodules, barite, and anhydrite (Davis et al., 1992c). 
Hydrothermal fluids at Dead Dog reach up to 281℃ (Cruse et al., 2008). Fluids collected 
from boreholes at site 857 (Fig 1.2), a site without active venting located ~1.6 km south of 
Dead Dog, were similar to those from Dead Dog, with fluid temperatures, alteration 
mineral assemblages, and fluid chemistry indicating that the two sites likely share a source 
reservoir (Kurnosov et al., 1994; Davis and Fisher, 1994). Viable S-bearing minerals were 
not found in the Dead Dog samples available for this study. Therefore, the data and 
discussion of sediment hosted SMS deposits for this project relies on sulfide samples 
collected from Bent Hill.  
Bent Hill is a ~500 m across, ~60 m high turbiditic sediment mound that was 
uplifted by late Pleistocene to Holocene intrusions and is located at ODP Site 856 (Fig. 
1.2)(Davis et al., 1992b; Davis and Fisher, 1994). The intrusive activity is interpreted to 
be at least a few thousand years old based on the lack of an associated thermal anomaly at 
the site (Davis and Villinger, 1992). The Bent Hill Massive Sulfide Deposit (BHMS), 
which is situated ~100 m south of the southern flank of the mound, is a 35 m high, over 
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100 m thick sulfide mound containing one of the largest known oceanic sulfide deposits, 
with an estimated 8.8 x 106 tons of sulfide mineralization (Zierenberg et al., 1998).  A 
second, slightly younger, smaller massive sulfide deposit called ODP mound is situated 
~300 m to south of BHMS (Ames et al., 1993; Davis et al., 1992b). The ODP mound hosts 
one active sulfide-poor anhydrite chimney spire that has a maximum recorded 
hydrothermal fluid temperature of 264℃ (Ames et al., 1993).  
Overall, the BHMS deposit consists largely of primary pyrrhotite and pyrite, with 
secondary pyrite and magnetite occurring as coprecipitated products of primary pyrrhotite 
oxidation (Duckworth et al., 1994). The BHMS deposit is underlain by a ~110 m thick 
copper sulfide-rich stockwork zone (Zierenberg et al., 1998). Massive sulfide at ODP 
Mound is zinc-rich and consists largely of sphalerite, pyrite, pyrrhotite, marcasite and 
magnetite, and minor copper sulfide minerals. Alternating massive sulfide horizons at 
ODP Mound are also underlain by individual copper rich sulfide stockwork zones, similar 
to the BHMS deposit (Fouquet et al., 1998).  
1.4.1.2 The Endeavour Hydrothermal Vents Marine Protected Area  
The Endeavour Hydrothermal Vents Marine Protected Area is a 2050 m deep, ~100 
km2 hydrothermally active rift zone located on the 90 km-long Endeavour Segment, 
southwest of Middle Valley (Karsten et al., 1986). Though the Endeavour segment is 
currently considered volcanically inactive (Riddihough, 1984; Goldstein et al., 1991; Volpe 
and Goldstein, 1993; Johnson et al., 2000; Proskurowski et al., 2004; Jamieson et al., 
2013a), there is seismic evidence of an extensive series of axial magma chambers existing 
1.9 – 4 km below the seafloor, that are indicative of the possibility of renewed volcanism 
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at Endeavour (Van Ark et al., 2007; Carbotte et al., 2012). Most of the documented high 
temperature hydrothermal activity at Endeavour occurs at five main active vent fields 
(listed from north to south): Sasquatch, Salty Dawg, High Rise, Main Endeavour (MEF), 
and Mothra (Fig. 1.3)(Kelley et al., 2012).  
Active venting at the Sasquatch Hydrothermal Field occurs within a ~25 m by 25 
m area and consists of ten ≤ 6 m high sulfide chimneys. Hydrothermal fluid temperatures 
at Sasquatch reach up to 289℃ (Glickson et al., 2006). An area of oxidized sulfide debris 
and hydrothermal sediments extends 200 m south of the actively venting area and contains 
several extinct sulfide structures ≤ 10 m tall, indicating periods of more vigorous 
hydrothermal activity in the past (Glickson et al., 2006). Barite 226Ra decay measurements 
indicate that Sasquatch has been hydrothermally active for at least ~1450 years (Jamieson 
et al., 2013a). 
The Salty Dawg Hydrothermal Field is comprised of at least 25 vent structures of 
up to 25m in height. Venting is generally diffuse; however, temperatures can reach up to 
296℃ at some of the more active vents (Kelley et al., 2001a). Fisheries and Oceans Canada 
has classified Salty Dawg as an “observational research site” in order to minimize 
potentially disruptive visits and intrusive research activities, so it is seldom visited by 
researchers.  
High Rise is a 350 m long by 150 m wide hydrothermal vent field that trends parallel 
to the ridge axis. Hydrothermal venting at High Rise occurs predominantly at ten large (≤ 
45 m high) active sulfide structures. In addition, many small, lower temperature, inactive, 
and diffuse vents are concentrated along fractures throughout the vent field (Rogibou et al., 
1993). Hydrothermal fluid temperatures recorded during the EAGER research cruise in 
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2009 varied between 306 and 340℃ (Holden, 2009). Radium-226 decay measurements 
indicate that High Rise has been hydrothermally active for a minimum of ~850 years 
(Jamieson et al., 2013a).  
The MEF is a ~350 m by 180 m hydrothermal vent field located on the western 
edge of the axial valley (Delaney et al., 1992). The vent field hosts 19 actively venting large 
(≤ 20m) black smoker sulfide edifices with fluid temperatures of up to 402℃ (Delaney et 
al., 1984; Delaney et al., 1992; Kelley et al., 2014). Radium-226 decay measurements of 
barite samples taken from MEF indicate that the site has been hydrothermally active for at 
least ~2300 years (Jamieson et al., 2013a).  
Mothra is a ~500m long hydrothermal vent field consisting of six steep-sided ≤ 20 
m high active sulfide chimney clusters that trend parallel to the ridge and are distributed 40 
– 200m apart (Glickson et al., 2007; Kelley et al., 2001b). Clusters at Mothra have multiple 
active > 5m high sulfide structures located < 20 m apart and are surrounded by 10 – 15 m 
of sulfide debris (Glickson et al., 2007). Venting at Mothra is generally diffuse, with 
venting temperatures that range from 30-220℃, with isolated fluids from singular black 




Figure 1.3: The five major hydrothermal vent fields at Endeavour, as well as Zephyr 
Mound, displayed using high resolution 2 m autonomous underwater vehicle-derived 
multibeam sonar bathymetry from Clague and Caress (2015) overlaid on top of 30 m ship-




The Endeavour vent fields (Fig. 1.3) host over 800 individual chimneys, all of 
which are located within a 15 km span of the axial valley (Delaney et al., 1992; Glickson 
et al., 2007; Rogibou et al., 1993; Clague et al., 2008; Kelley et al., 2002; Kelley et al., 
2012). The steep-sided sulfide edifices that are characteristic of these active vent fields 
typically have mineral assemblages containing pyrite, wurtzite, sphalerite, pyrrhotite, 
chalcopyrite, marcasite, amorphous silica, anhydrite, and barite (Delaney et al., 1992; 
Kristall et al., 2006; Robigou et al., 1993; Tivey and Delaney, 1986; Jamieson et al., 2013a). 
Radium-226 decay measurements of a barite sample taken from outside the axial valley 
indicate that regional hydrothermal venting at Endeavour has been active for a minimum 
of ~6000 years (Jamieson et al., 2013a). 
Zephyr Mound is a 90 m diameter by 26 m high sulfide mound with a volume of 
52,500 m3 that contains an estimated ~163,000 t hydrothermal sulfide material. Sulfide 
material from the Zephyr Mound indicates that the mound is at least 1,800 years old 
(Jamieson et al., 2014).  
 Elevated Br/Cl, boron, ammonia and methane concentrations, coupled with heavy 
boron isotope data from vent fluids at Endeavour indicate the possibility of buried 
sediments beneath the surface basalt flows at Endeavour (Lilley et al., 1993; You et al., 
1994; Kelley et al., 2012; Seyfried et al., 2003). The location of the Endeavour segment 
near the extent of continent derived sediment further supports this hypothesis (Fig. 1.4). 
Buried sediment at Endeavour could potentially host SMS deposits similar in size and 




Figure 1.4: Sediment thickness (in meters) of the three vent fields in this study and surrounding area. Sediment thickness data 
were compiled by Divins (2003) and have a grid spacing of 5 arc-minutes. Sediment thickness is faded and superimposed on 
greyscale bathymetry, which is a satellite-derived gravity model of seafloor topography (Smith and Sandwell, 1997) that has a 




1.4.1.3 Axial Volcano 
Axial Volcano is a ~1500 m deep, ~600 km3 active shield volcano generated by a 
hotspot located at the intersection of the Axial segment on the southern Juan de Fuca Ridge 
(Hannington et al., 2005; Helo, et al., 2008; Embley et al., 1990) and the Cobb-Eickelberg 
Seamount Chain (Chadwick et al., 2005). Multiple recent lava flows have been documented 
at Axial Volcano, including eruptions in 1998 (Embley et al., 1999), 2011 (Chadwick et 
al., 2011), and 2015 (Delaney, 2015). Recent substrate samples collected from Axial are 
comprised primarily of basaltic lava flows and volcaniclastic debris (Helo et al., 2008). 
Extensive, thick (≤ 2 m) deposits of volcanic ash surround the volcano, indicating eruptive 
explosivity in conjunction with Axial’s generally effusive basalt flows, a factor that is 
attributed to high levels of CO2 in the magma chamber (Helo et al., 2011). High CO2 
concentrations, that suggest a direct input of magmatic volatiles into the hydrothermal 
system, have been documented in boiling hydrothermal fluids from several chimneys at 
Axial (Butterfield et al., 1990; Butterfield et al., 2004). Of the three sites in this study, Axial 
Volcano is located at the greatest distance from the continental shelf (~480 km off the coast 
of Oregon, Fig. 1.4). Axial Volcano’s distal location in relation to the continental shelf, 
recent volcanic activity, and basaltic seafloor substrate are all evidence of a lack of 
turbiditic sediments in the area (Fig. 1.4). 
Low temperature vents, as well as some high temperature black smokers, are found 
primarily on the walls and floor of the 21 km2 horseshoe-shaped summit caldera (Embley 
et al., 1990). There are three main hydrothermal vent fields that occupy Axial’s caldera: 
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Axial Seamount Hydrothermal Emissions Study (ASHES), Canadian American Seamount 
Expedition (CASM), and the International District, in addition to diffuse flow sites (Fig. 
1.5)(Hannington and Scott, 1988; Kelley et al., 2014). 
 
Figure 1.5: The Axial Volcano caldera with recorded locations of samples used in this 
study, as well as approximate locations of major vent fields (modified from Kelley et al., 
2014). Bathymetry (depths shown in meters) is from Chadwick et al., (2015) and has a 
resolution of 25 m. 
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The ASHES hydrothermal field (ASHES, 1986), located in a shallow depression on 
the southwestern side of the caldera, contains less than 10 small (< 4 m) chimneys that 
occur along a ~60 m stretch of the base of the caldera wall (Kelley et al., 2014). Recent 
vent fluid temperature measurements at ASHES recorded a maximum temperature of 
321℃ (Holden et al., 2008). Chimney structures are composed primarily of anhydrite, 
pyrite, and sphalerite (Kelley et al., 2014). 
The CASM hydrothermal field is located at a fissure near the northern extent of the 
caldera (CASM, 1985). Several large sulfide edifices between 4 - 10 m tall are present ~20 
m west of the northernmost point of the fissure, in conjunction with abundant small 
chimneys within the fissure and throughout the field (Embley et al., 1990; Hannington and 
Scott, 1988). The highest recorded vent fluid temperature at CASM is 291˚C (Chadwick et 
al., 2015). A chimney spire analyzed by Hannington and Scott (1988) was found to contain 
primarily amorphous silica, sphalerite, wurtzite, marcasite, barite, galena, and chalcopyrite, 
as well as minor pyrite, jordanite, and lead-arsenic-antimony-silver sulphosalts.  
The International District hydrothermal field, located on a fissure system on the 
southeastern part of the caldera, is ~60 m across and ~15 active structures of up to ~16 m 
tall. Recorded hydrothermal fluid temperatures at the El Guapo vent in the International 
District reached up to 347˚C in 2010. However, more recent measurements in 2011 showed 
a marked temperature drop to 211˚C after the 2011 eruption (Kelley et al., 2014). Chimneys 
in the International District are composed primarily of sulfide and anhydrite (Chadwick et 
al., 2013). Axial Volcano samples used in this study are all from the International District 
(EAGER, 2009).  
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1.5 Sulfur Isotopes 
Isotopes are elements with the same number of protons, but different number of 
neutrons, and therefore different atomic masses. Sulfur has four stable isotopes (32S,33S, 
34S and 36S, with abundances of 0.9503957, 0.0074865, 0.0419719, and 0.0001459, 
respectively [Ding et al., 2001]), and, because S exhibits several different oxidation states 
in nature, it is an important constituent for many chemical, physical and biological 
processes, many of which result in isotopic fractionation (i.e., change in isotopic 
composition) of reactants and products. These qualities make S an extremely useful 
element for tracking the movement of S in natural environments.  
Sulfur isotopes are commonly expressed using delta notation (Equation 1.1), which 
quantifies a deviation of the S isotopic composition of a material from a standard (Shanks 
et al., 1995), most often the Vienna Canyon Diablo Troilite (V-CDT) or older Canyon 
Diablo Troilite (CDT): 
Equation 1.1 
𝛿 34𝑆 = (
𝑅34 𝑆𝑎𝑚𝑝𝑙𝑒
𝑅34 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) ∗ 1000 (‰) 
 
where (R) represents the isotopic ratio of a rare isotope (e.g., 33S, 34S, 36S) with respect to 
the most abundant isotope (32S) (i.e.,34R represents 34S/32S). For S isotopes, delta notation 
can also be used to express ratios for 33S/32S and 36S/32S. The fractionation factor (ɑ) is 
used to express the partitioning of S isotopes at equilibrium and is defined as the ratio of 
a sample (Rx) divided by the same ratio of another sample (Ry) (i.e., x-y = Rx/Ry). The 
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isotope composition, δ, is related to the fractionation factor, ɑ, of a given element such 
that:    
Equation 1.2 




Equation 1.3 is a commonly used as a mathematical approximation of Equation 1.2 due to 
its similarity to delta value differences for fractionation factors close to unity, which 
applies to typical S isotope ratios in natural systems: 
Equation 1.3 
1000 ln ɑ𝑥−𝑦 ≈  𝛿𝑥 − 𝛿𝑦 
Equation 1.4 defines Δ, which is used to express differences in δ values, and is therefore 
approximate equivalent to 1000 ln ɑ, and therefore shows the relation between ɑ and Δ: 
Equation 1.4 
Δ𝑥−𝑦 = 𝛿𝑥 − 𝛿𝑦  
Positive δ values indicate an isotopically heavy sample relative to the standard, 
while negative δ values indicate an isotopically light sample relative to the standard. Since 
different S reservoirs often have different isotopic signatures, the relative abundance of S 
isotopes allows for isotope ratios to be used as tracers for the sources of S in a given 
sample, thereby fingerprinting the occurrence and relative contributions of S resulting 
from different natural processes (Shanks et al., 1995).  Kinetic isotope effects, or non-
equilibrium fractionations, occur when isotopes are fractionated without the achievement 
of isotopic equilibrium and can be especially useful to fingerprint nonequilibrium 
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fractionation processes such as microbial sulfate reduction (MSR) (Shanks et al., 1995). 
These isotopic differences between various S reservoirs make S isotopes a useful tracer 
for determining processes affecting fluid mixing and S cycling in hydrothermal systems 
(e.g., Adshead, 1996; Hannington et al., 2005; Shanks et al., 1995). 
1.5.1 Sulfur-34 
Sulfur isotopes (normally 32S and 34S because they are the most abundant isotopes) 
have long been used to determine the sources of S in SMS deposits, which in turn provides 
insight into subsurface processes controlling hydrothermal circulation (e.g., Adshead, 
1996; Hannington et al., 2005; Shanks et al., 1995). Submarine hydrothermal systems from 
different geologic settings can have different isotopic signatures that correspond to varying 
degrees of influence from multiple S reservoirs. In general, sulfide δ34S values from 
“typical” sediment-free mid-ocean ridges tend to be slightly positive relative to both CDT 
and V-CDT. For example, 95% of δ34S values for hydrothermal sulfide samples from East 
Pacific Rise (hereafter used as a point of comparison for “typical” MOR systems) range 
from approximately 1‰ to 5‰ (Hannington et al., 2005). Sulfide minerals from 
sedimented mid-ocean ridges, volcanic arcs, and back-arc basins typically have a greater 
range in δ34S values than sulfide minerals from sediment-free MOR systems. For example, 
δ34S values range from approximately -34‰ to 14‰ and -14‰ to 11‰ for sedimented 
and arc settings, respectively (Hannington et al., 2005; Li et al., 2016). The various S 
reservoirs in MOR hydrothermal systems that contribute to hydrothermal fluid and sulfide 
deposit S isotope compositions each have distinct δ34S values. Vent fluid H2S δ
34S values 
can span a broad range from slightly negative (~-5‰) to positive (~8‰) (Shanks et al., 
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2001 and references therein). Mid-ocean ridge basalts (MORB) and related volatiles 
generally have δ34S values of approximately zero (within the range of -1‰ to 1‰) (Sakai 
et al., 1982; 1984). Seawater sulfate is relatively isotopically heavy with a near-constant 
δ34S value of 21‰ in the modern ocean (e.g., Shanks et al., 2001), while  δ34S values of 
reduced S products from MSR are isotopically light, with an approximate range of -15‰ 
to -35‰ (e.g., Shanks et al., 1995; Goodfellow and Blaise, 1988).  
 
1.5.2 Multiple Sulfur Isotopes 
Sulfur isotope fractionation is controlled by isotopic mass differences for 
thermodynamic and most kinetic physiochemical processes (Urey, 1947), causing near-
linear mass-dependent fractionation (MDF) relationships of approximately ½ for δ33S and 
2 for δ36S, relative to δ34S (Hulston and Thode, 1965a; 1965b). Until recently, most studies 
involving the measurement of stable S isotopes only focused on the two most abundant S 
isotopes (32S and 34S), assuming MDF would cause any analysis of 33S and 36S to be 
redundant due to these mass dependent relationships. However, the fractionation laws for 
some kinetic fractionation processes deviate from traditional MDF relationships, leading 
to variations which are quantified as ∆33S and ∆36S values (e.g., ∆33S  δ33S–0.5×δ34S; see 
section 2.3.1 for discussion of the different definitions for  values; Johnston et al., 2005; 
Farquhar et al., 2003; Young et al., 2002). The resultant systematic isotopic variations can 
be used to identify distinct geological and biological processes in natural hydrothermal 
systems, especially processes that may not be distinguishable using traditional δ34S 
analyses (e.g., Ono et al., 2006; Ono et al., 2007; McDermott et al., 2015). Non-traditional 
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deviations from expected equilibrium MDF relationships can be either mass independent 
or mass dependent. Mass independent fractionation (MIF) is caused by processes not 
feasibly attributed to established mass fractionation laws, such as photolysis of S-bearing 
gaseous molecules (Farquhar and Wing, 2003 and sources therein). Mass dependent 
fractionation can result in systematic variations between fractionation factors for δ33S, δ34S  
and δ36S that differ from expected thermochemical equilibrium (such as microbial sulfate 
reduction [Farquhar et al., 2003) and result in non-zero ∆33S and ∆36S values. 
1.5.2.1 Applications in Archean rocks  
The potential utility of multiple S isotopes for use in terrestrial geologic systems 
was first documented by Farquhar et al. (2000), who discovered significant mass 
independent fractionation-derived deviations in δ33S and δ36S from standard MDF 
relationships in Archean supracrustal rocks. Farquhar and Wing (2003) proposed a three-
stage model of the evolution of Earth’s early S cycle. Stage I, from 3.8 to 2.45 Ga, is 
characterized by mass independent fractionation with ∆33S of between -2 and 4‰ due to 
photochemical reactions of SO2 and SO driven by deep ultraviolet radiation in an oxygen-
poor atmosphere. Stage II, from 2.45 to 2 Ga, produced measurably significant ∆33S 
variances indicative of mass independent fractionation, but the variances are considerably 
smaller than those seen in Stage I, most likely due to the beginning of oxygen stabilization 
in Earth’s early atmosphere coupled with the onset of oxidative weathering. Stage III, from 
2 Ga to present, is dominated by MDF consisting primarily of ∆33S values generally less 
than 0.2‰ due to an oxygen-rich atmosphere that resulted in a UV blocking ozone layer 
and oxidizing conditions that destabilized reduced S compounds in the surface 
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environment (Farquhar and Wing, 2003). Since significant mass independent fractionation 
was the product of an oxygen-poor atmosphere and generally constrained to the Archean, 
variations in ∆33S of <0.2‰ in post-Archean environments can be ascribed to mass-
dependent, non-equilibrium S isotopic systematics.  
1.5.2.2 Applications in Modern Marine Systems  
Analyses of multiple S isotopes from modern natural S-bearing materials have 
documented isotopic values that record MDF processes that do not all abide by the same 
MDF laws and therefore differ from that of expected thermochemical equilibrium 
(Johnston et al., 2005; Farquhar et al., 2003; Young et al., 2002). Consequently, samples 
from post-Archean geological processes can have ∆33S and ∆36S values that show small, 
but quantifiable systematic variations (Ono et al., 2006; Ono et al., 2007). 
Several recent studies (data are summarized in Fig. 1.6 and Fig. 1.7) have attempted 
to constrain the fractionation processes and associated multiple S isotope values of 
products of modern seafloor hydrothermal systems. Studies by Johnston et al. (2014) and 
Tostevin et al. (2014) both constrained the S isotope values of modern seawater. Their 
reported values indicate that the ocean is a well-mixed reservoir with an average seawater 
sulfate δ34S value of 21.15‰ and a ∆33S value of 0.048‰. Labidi et al. (2014) reported 
near zero δ34S and ∆33S values for Pacific-Antarctic Ridge basalts, with minor positive 
enrichments of approximately 1‰ attributed to sulfide assimilation (i.e., incorporation of 
hydrothermally-derived sulfide mineral precipitation into basalt flows during eruptive 
events). Near zero multiple S isotope values were also reported for unaltered basalts by 
Ono et al. (2012) and Peters et al. (2010). These studies helped define endmember multiple 
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S isotope values for the different sulfur reservoirs affecting modern submarine 
hydrothermal systems.  
Ono et al. (2007) was the first study to apply multiple sulfur isotope analyses to 
active modern hydrothermal submarine systems. The authors utilized the S isotope 
signatures of sulfide minerals and vent fluid H2S from active hydrothermal vent systems 
at two sites on the East Pacific Rise, and two sites on the Mid-Atlantic Ridge, to determine 
the source of S in each system. The combined values indicate that most of the sulfur 
contained in sulfide minerals from these systems was derived from host rock leaching, 
with evidence of minor incorporation of reduced seawater sulfate. Low Δ33S values are 
indicative of negligible biogenic sulfide input at all four sites. 
Ono et al. (2012) compared multiple S isotope signatures of sulfide minerals in 
altered peridotites from the Iberian Margin and Hess Deep to signatures of sulfides in 
altered basalts from the Juan de Fuca Ridge in order to constrain biogenic influence on 
secondary sulfide precipitates. All three locations had similar δ34S values. Variations in 
Δ33S values were attributed to closed system sulfate reduction occurring at the peridotite 
hosted sites and open system sulfate reduction occurring at the basalt hosted site. 
McDermott et al. (2015) conducted multiple S isotope analyses on chalcopyrite, 
elemental S, and fluid H2S from a sedimented and a sediment-free mid-ocean ridge 
hydrothermal system (Guaymas and the Southern East Pacific Rise, respectively), as well 
as two back arc systems (Eastern Manus Basin and Lau Basin), in an attempt to further 
constrain MDF processes in modern marine hydrothermal systems. All Δ33S values were 
near zero, indicating the primary sources of hydrothermal S were abiotic seawater sulfate 
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reduction, host rock leaching, and S disproportionation. Specifically, positive δ34S values 
from Lau Bain and southern East Pacific rise (SEPR) were attributed to seawater sulfate 
reduction and host rock leaching, while negative values from Manus Basin were due to a 
greater influence of magmatic S disproportionation (i.e., the speciation of magmatic SO2 
into reduced and oxidized S products). Negative values from Guaymas Basin samples were 
attributed to the influence of minor biogenic pyrite that was not significant enough to 
increase Δ33S values. Other studies by McDermott (2015) and McDermott et al. (2018) 
reported δ34S and Δ33S values for hydrothermal fluids from Von Damm Vent Field and the 
Piccard Vent Field located on the Mid-Cayman Rise in order to constrain the hydrothermal 
fluid sources at the respective sites.  
Eickmann et al. (2014) used the multiple S isotope signatures from a barite 
chimney, in conjunction with strontium and oxygen isotope ratios, to identify low 
temperature microbial sulfate reduction in the hydrothermal system at Loki’s Castle on the 
Arctic Mid-Ocean Ridge. The study found isotopic signatures in the barite that recorded 
evidence of microbial sulfate reduction associated with the mixing of hydrothermal fluids 
and infiltrated seawater. Subsurface mass-dependant microbial sulfate reduction has 
caused the hydrothermal fluid to become enriched in heavier S isotopes, thereby 
precipitating barite chimneys with δ34S and Δ33S values significantly higher than that of 
mean seawater. A related study by Jaeschke et al. (2014) studied the multiple S isotope 
signatures of an extinct barite chimney at Loki’s Castle. Sulfur isotope values were similar 
to that of known seawater samples (Fig. 1.6). This correlation was attributed to the barite 




Figure 1.6: Compilation of Δ33S and δ34S values from previous multiple S isotope studies 
of modern  mid ocean ridges, including measurements of ambient seawater (data extracted 
from:  Peters et al., 2010; Peters et al., 2011; Eickmann et al., 2014; Jaeschke et al., 2014; 
Ono et al., 2007; Ono et al., 2012; McDermott, 2015; McDermott et al., 2015; McDermott 
et al., 2018; Tostevin et al., 2014; Johnston et al., 2014*). All data are expressed using the 
exponential definition of Δ33S (defined in Section 2.3), with respect to V-CDT. Data are 
listed in Appendix A. (*)Johnston et al., (2014) seawater value is an average: uncertainties 
for averaged data are ±0.15‰ and ±0.006‰ for δ34S and Δ33S, respectively). 
 
Peters et al. (2010) determined that, due to the δ34S and Δ33S range of hydrothermal 
fluid and sulfide minerals from the southern Mid-Atlantic Ridge (SMAR), increased 
seawater sulfate reduction was occurring at the SMAR (relative to the East Pacific Rise). 
Sediment and igneous sulfide mineral bearing samples from Logatchev hydrothermal vent 
field, which is also located on the Mid-Atlantic Ridge, were analyzed as well. The study 




























values were attributed to biogenic sulfate reduction (Peters et al., 2010). Peters et al. (2011) 
measured the multiple S isotope values of sediments, elemental S, and sulfides from the 
Palinuro Volcanic Complex, and Panarea hydrothermal field, located in the Tyrrhenian 
Sea. Multiple S isotope signatures based on δ34S and Δ33S were attributed to a biogenic S 
source.  
These previous studies have allowed for interpretation of local processes affecting 
the multiple S isotope signatures of specific hydrothermal systems, as well as a broader 
understanding of S mixing and fractionation that is potentially applicable to modern 
marine hydrothermal systems in general. Results from these previous multiple S isotope 
studies of seawater, as well as modern seafloor hydrothermal systems, are summarized in 
Figure 1.6 and Figure 1.7. While these studies provide significant insight into the variety 
of uses for multiple S isotopes in modern systems as well as a generalized understanding 
of S isotope reservoirs in most parts of the hydrothermal system (Fig. 1.8), the use of S 
isotope signatures to constrain fluid/rock and sediment interaction in hydrothermal 




Figure 1.7: Mineralogy of seafloor hydrothermal sulfide samples from previous multiple 
S isotope studies (Ono et al., 2007; McDermott et al., 2015; Peters et al., 2010; Peters et 
al., 2011; Eickmann et al., 2014). All data are expressed using the exponential definition 

























Figure 1.8: A diagram of a typical MOR-hosted hydrothermal vent system showing the processes behind hydrothermal circulation 
and the averages of S isotope signatures for each part of the system (Modified from Jamieson, 2005; including known parameters 
from Peters et al., 2010; Peters et al., 2011; Eickmann et al., 2014; Jaeschke et al., 2014; Ono et al., 2007; Ono et al., 2012; 
McDermott, 2015; McDermott et al., 2015; McDermott et al., 2018; Johnston et al., 2014). All data are expressed using the 
exponential definition of Δ33S (defined in section 2.3) in per mil, with respect to V-CDT. Data are listed in Appendix A.
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1.5.3 Endmember Sulfur Reservoirs and Mixing Components 
Hydrothermal circulation at typical MOR-hosted hydrothermal vent systems (Fig. 
1.8) involves the infiltration of seawater containing sulfate (oxidized S) through permeable 
media in the seafloor. If present, microbial sulfate reducers in the subsurface can 
fractionate infiltrated seawater sulfate thereby producing hydrogen sulfide (reduced S), 
which can react with iron in the subsurface to form biogenic pyrite. As the fluid continues 
to infiltrate deeper into the substrate it becomes progressively heated and interacts with 
wall-rock S. At higher temperatures anhydrite precipitation (~150℃; Elderfield et al., 
1999) and thermochemical sulfate reduction (>100℃; Machel et al., 1995) reduce and 
remove any remaining sulfate in the fluid. When the fluid temperature exceeds ~400°C, 
the fluid becomes thermally buoyant and is discharged onto the seafloor forming sulfide 
(reduced S) and sulfate (oxidized s) rich mineral accumulations on the seafloor (SMS 
deposits). 
Disproportionation of SO2 is well-documented at arc and back-arc related 
environments where the degassing of more silicic (relative to typical MOR basalt), volatile-
rich magma bodies upon hydration and cooling to temperatures 400℃ results in speciation 
of magmatically derived SO2 into isotopically heavy HSO4 and isotopically light H2S (or 
S0) relative to the source (Equation 1.5; Equation 1.6) (Holland, 1965; Gamo et al., 1997; 
Kusakabe et al., 2000; Reeves et al., 2011). 
Equation 1.5 
3𝑆𝑂2 + 2𝐻2𝑂 = 2𝐻𝑆𝑂4




4𝑆𝑂2 + 4𝐻2𝑂 = 3𝐻𝑆𝑂4
− + 𝐻2𝑆 + 3𝐻
+ 
 These various subseafloor fluid/rock interactions that occur during hydrothermal 
fluid circulation can impact the resultant S isotope signatures of SMS deposits based on 
the proportion of S that was sourced from each S reservoir that interacts with the 
hydrothermal system. There are three primary S reservoirs in hydrothermal systems that 
affect the isotopic values of circulating hydrothermal fluid and associated SMS deposits: 
igneous basement rocks, biogenic S products (normally associated with sediments), and 
seawater sulfate. Igneous basement rocks (predominantly basalt and gabbro) have S 
isotopic values that are inherited from mantle-derived S and thus similar in S composition 
to meteoritic S (Labidi et al., 2012). Consequently, any S sourced from mafic igneous 
basement rocks should have near-zero values for both δ34S and ∆33S, similar to the 
meteoritic S of the troilite used for data normalization with the CDT scale (Beaudoin et 
al., 1994). Labidi et al. (2014) reported near zero δ34S and ∆33S values for Pacific-Antarctic 
Ridge basalts, with minor positive δ34S enrichments of approximately 1‰ that were 
attributed to relatively isotopically heavy SMS assimilation in later basalt flows. Near zero 
δ34S and ∆33S values from unaltered basalt samples have also been reported by Ono et al. 
(2012) and Peters et al. (2010).  
Lighter isotopes are preferentially metabolised during biogenic processes because 
bonds fractionated by lighter atomic masses have higher vibrational energy (as opposed to 
transitional energy), resulting in lower energy requirements to break these bonds (Canfield, 
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2001). This leads to biogenic S products that are depleted in heavier isotopes (34S, 36S) and 
enriched in lighter isotopes (32S, 33S) (e.g., Shanks et al., 1995).  
Equilibrium MDF results in relationships of ~½ for δ33S because of the 
approximately 1 amu difference between 32S and 33S, resulting in a 33λ value that equals 
~0.515 at equilibrium. However, 33λ can fluctuate (range of ~0.512 to 0.515; Farquhar et 
al., 2003) for certain processes (e.g., biological processes [Farquhar et al., 2007] and 
temperature [Johnston, 2011]) leading to non-equilibrium ∆33S values. For biological 
processes, such as microbial sulfate reduction, these variations can arise because of 
different biological pathways for intermediate sulfur species in multi-step metabolic 
processes (i.e., differences in the material flow network structure, sulfur transfer, and 
fractionations associated with each step; Farquhar et al., 2003; Johnston et al., 2005; Ono 
et al., 2006). These processes typically result in less fractionation of 33S relative to 32S than 
would be expected for equilibrium fractionation processes, resulting in products with 
positive 33S that coincide with lower δ34S values typical for biological fractionations. 
A common microbial process that affects S cycling in the ocean environment is 
microbial sulfate reduction (MSR). Microbial sulfate reduction typically occurs in 
sediments (e.g., Peters et al., 2010; Peters et al., 2011) where infiltrated seawater sulfate is 
reduced to biogenic sulfide. Dissimilatory microbial sulfate reduction occurs as follows in 
Equation 4.3 and Equation 4.4 (Canfield, 2001):  
Equation 1.7 
𝑆𝑂4









As a result, seawater sulfate has a well constrained S isotopic value of 34S=21‰, 
and a 33S=~0.05‰ (Tostevin et al., 2014; Johnston et al., 2014; Jaeshke et al., 2014; 
Eickmann et al., 2014; Ono et al., 2012). Seawater is a well mixed reservoir for sulfate 
because of its relatively long residence times in marine environment when compared to 
overall ocean mixing (Johnston et al., 2014). 
 
2. Methodology 
2.1 Sample and Data Collection  
Active hydrothermal vent sites are most commonly discovered through the 
detection of thermochemical anomalies in the water column caused by hydrothermal 
plumes. The hot hydrothermal fluid emanating from the hydrothermal vents is thermally 
buoyant compared to the cold ambient seawater and generates a plume as it rises in the 
water column and disperses. Conductivity, Temperature, Depth (CTD) sensors (Fig. 2.1), 
which are oceanographic instruments used to measure conductivity and temperature at 
depth, are deployed into the water column and used to detect chemical (e.g., CH4, Eh, 
salinity), temperature and physical (e.g., turbidity) anomalies indicative of hydrothermal 
plumes (Lonsdale, 1977; Charlou et al., 1993).  Once a deposit is located, collection of 
deposit rock samples typically involves the use of either a remotely operated vehicle 





Figure 2.1: A CTD aboard the R/V Kilo Moana, taken during cruise KM-18-12, August 





Figure 2.2: The ROV Jason being recovered after a dive at Endeavour on the Juan de Fuca 
Ridge during R/V Kilo Moana cruise KM-18-12, August 2018 (Photo: Sarah Moriarty). 
  
Figure 2.3: The HOV Alvin being recovered after a dive at 9N on the East Pacific Rise 
during R/V Atlantis cruise AT42-09, April 2019 (Photo: John Jamieson). 
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These instruments were employed for sample collection during research cruises to 
the Juan de Fuca Ridge from 2008 – 2018: AT15-36 Atlantis (2008), AT15-47 Atlantis 
(2009), MBARI Western Flyer (2011), CCGS Tully (2016), and KM1812 Kilo Moana 
(2018). Samples collected during these research cruises were selected for analysis for this 
thesis based on both mineralogy (discussed in further detail in section 2.2) and to maximize 
spatial distribution (Fig. 2.5). Bathymetric data for detailed maps of the study areas were 
collected using a combination of low-resolution (1-4 km) satellite altimetry, ship-based 
multibeam sonar (50-100 m resolution), and high resolution autonomous underwater 
vehicle (AUV) multibeam sonar (1-2 m resolution; Fig. 2.4).  
 
Figure 2.4: Autonomous underwater vehicle (AUV) Sentry on the AT42-21 research cruise 




Figure 2.5: Push core and SMS sample locations at Endeavour used for this study. 
Bathymetry is combination of 2 m autonomous underwater vehicle-derived multibeam 
sonar bathymetry from Clague and Caress (2015) overlaid on 30 m ship-based multibeam 
sonar bathymetry from Kelley et al. (2015). Modified from Jamieson et al. (2014).  
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Fourteen sediment cores were collected during the KM-18-12 research cruise to 
the Endeavour Segment of the Juan de Fuca Ridge using the ROV Jason in August, 2018 
(Fig. 2.6; Table 2.1). Four sediment cores were collected within 1 km of the ridge axis, 
while the other ten were collected approximately 2 km off axis in order to minimize plume 
fallout contamination. The cores were immediately placed into a 4˚C refrigerator for 
temporary storage (< 4 hours) before being measured, photographed, and sectioned. Core 
dimensions were all 2.5 inches in diameter and varied in length from 4.5 - 11.5 inches.  
The cores were photographed and measured while still in the core tube. However, due to 
condensation on the cold cores in the Pacific Northwest climate, core photo quality was 
very low and limited stratigraphic information can be inferred from them. No method was 
available on board the research vessel to preserve the stratigraphy of the cores. However, 
in general, it was attempted to segment the cores in order to separate the upper, oxidized 
layer; the middle layer containing a redox boundary; and the lower, non-oxidized layer. 
The segmented core samples were then placed in freezer bags and placed in a -80˚C freezer 
for the remainder of the cruise, in order to minimize further oxidation. The sediment 
samples were transported to Memorial University of Newfoundland in a cooler filled with 
5 lbs of dry ice. After arrival, the cores were placed into a -18˚C freezer. The push core 
sub-sections selected for isotopic analysis are listed in Table. 2.1. Further sub-samples 
were extracted from each selected core sub-section, dried at 50 ˚C for 24 - 48 hours, and 
then ground into a fine powder using a mortar and pestle. In general, the bottom sections 
of the cores were selected for analysis as diagenetic pyrite in the sediments, which 
constitutes the target S-bearing mineral phase for isotopic analyses, would be best 





Table 2.1: Core sub-sections selected for isotopic analysis at Harvard University. 
Push Core Section Depth (cmbsf) Primary Composition 
J2 -1101-9-PC1 Bottom 17-22 
Turbiditic sediments with sand 
grain sized basalt pyroclasts 
J2-1102-2-PC1 Whole core 0-15 
Turbiditic sediments and 
plume fallout 
J2-1102-4-PC1 Top 0-7 
Turbiditic sediments and 
plume fallout 
J2-1102-4-PC1 Bottom 11-16 
Turbiditic sediment and minor 
oxidized plume fallout 
J2-1102-7-PC1 Bottom 13-21.5 Turbiditic sediments 
J2-1103-6-PC1 Bottom 6-11.5 Turbiditic sediments 
J2-1103-6-PC3 Bottom 13-28 Turbiditic sediments  
 
 
2.2 Sample Preparation 
 Different S bearing minerals may have different S isotopic values due to 
equilibrium fractionation between minerals (Ohmoto, 1972). Therefore, analyzing 
Figure 2.6: The ROV Jason collecting a sediment core at Endeavour on the Juan de Fuca 
Ridge during R/V Kilo Moana cruise KM-18-12 in August, 2018. 
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monomineralic separates is preferable to bulk rock S isotope analyses, as bulk rock 
analysis may distort the S isotope signature of a sample because of different relative 
abundances of S-bearing mineral phases, rather than effects from location-specific 
hydrothermal fluid cycling. For this study, monomineralic sub-samples included pyrite, 
pyrrhotite, chalcopyrite, wurtzite, marcasite, barite, and anhydrite. These minerals were 
physically separated from the whole rock samples under a stereomicroscope using curved 
fine point forceps. Elemental abundances from previous geochemical analyses completed 
on the samples were used to confirm visual mineral identifications. For example, barite 
and anhydrite rarely occur together but are difficult to distinguish in hand samples. The 
relative abundance of Ba and Ca, as determined from bulk geochemical analyses, helped 
guide the identification of different mineral phases. Minerals were selected to minimize 
the abundance of impurities such as minor amounts of silicate, sulfate, mixed sulfide, and 
iron oxide material in the mineral separates.  
While sulfide oxidation at low temperatures typically results in oxidation products 
with the same δ34S values as the original sulfide material (Shanks et al., 1995), the effects 
of post-sampling oxidation on δ33S values have not yet been investigated. Therefore, 
samples were placed into baths of a 6.0 M hydrochloric acid (HCl) solution in order to 
remove the products from post-sampling sulfide oxidation. The minerals were left in the 
HCl solution for 2 - 24 hours, depending on the level of oxidation, rinsed twice with 
ethanol, and allowed to dry under ambient room conditions in a fume hood. As a control, 
a sample showing significant oxidation and a sample showing minimal oxidation were 
separately placed in the HCl solution for 1 week. After the extended acid bath, both 
samples showed negligible sulfide decomposition and any previously noted oxidation had 
44 
 
been removed. Final estimated monomineralic sample purities ranged from 80 - 99% based 
on visual estimates (see appendix for details). 
2.3 Equations and Definitions  
 
Sulfur isotope ratios are measured relative to the Vienna-Canyon Diablo Troilite 
(V-CDT) reference scale. This scale utilizes the definition of artificial silver sulfide 
material IAEA S-1, which has a defined δ34S value of -0.3‰ (Coplen and Krouse, 1998; 
Ono et al., 2007). The IAEA S-1 reference does not have a defined δ33S value and reported 
δ33S values vary between labs (for a more detailed explanation of δ33S values for IAEA S-
1, the reader is referred to section 4.1.2.1).  
Mass dependent fractionation is defined in Equation 2.1 (Young et al., 2002; 
Farquhar et al., 2003). Capital delta (S) notation is expressed using Equation 2.2 
(Farquhar et al., 2003; Farquhar and Wing, 2003), and is defined as the deviation of δ33S 
(or δ36S) from a standard MDF line (Gao and Thiemens, 1991). 
Equation 2.1 
𝜆33 = ln (1 +
𝛿33𝑆
1000
) / ln (1 +
𝛿34𝑆
1000
)   
Where 33 represents the fractionation relationship between 33S and 34S.  
Equation 2.2 





− 1] ∗ 1000 (‰) 
 Equation 2.2 represents the exponential definition for S. Here, 0.515 represents 
33 for equilibrium fractionation processes. Using this fractionation-oriented definition, 
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the products of equilibrium fractionation processes for which the starting material had a 
S value of 0‰ will have also have a S value of 0‰. While the exponential definition 
is used in this thesis, it is important to note that there are two other definitions for Δ33S 
(c.f. Ono et al., 2007; 2012; McDermott et al., 2015). A linear definition for Δ33S (Equation 
2.3) is mass-balance oriented and allows for the linear expression of values during isotope 
mixing (Ono et al., 2007).  
Equation 2.3 
∗ 𝛥 𝑆33 = 𝛿 𝑆33 − 0.515 × 𝛿 𝑆34  (‰) 
The logarithmic definition (Equation 2.4) allows for the linear expression of values 
during mass dependent isotope fractionation (Ono et al., 2003; Ono et al. 2006; Ono et al. 
2007; Rouxel, 2008).  
Equation 2.4 
′ 𝛥 𝑆33 = [ln (
𝛿33𝑆
1000
+ 1) − 0.515 × ln (
𝛿34𝑆
1000
+ 1)] × 1000 (‰) 
Both the linear and logarithmic definitions produce nearly indistinguishable values, 
except where δ34S values are either highly positive or highly negative (i.e. well beyond 
natural values recorded from submarine hydrothermal systems; Ono et al., 2003; Ono et 
al., 2006; Miller, 2002). All non-zero isotopic values in this thesis, including those 
extracted from scientific papers that report Δ33S values using either the linear or 
logarithmic definitions, are presented here using the exponential definition of Δ33S for 
simple comparison to previous work by the Johnston and Farquhar labs. 
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2.4 Sulfur Isotope Analysis  
Multiple S isotope analysis requires higher instrument precision than traditional S 
isotope analyses (i.e., combustion and conversion to SO2), due to the relatively low natural 
abundance of 33S and the inherent significance placed on very small differences in isotopic 
ratios. To achieve this level of precision, gas source mass spectrometry using a 
ThermoFinnigan MAT 253 mass spectrometer is required (Ono et al., 2006). Gas entering 
the mass spectrometer is ionized via electron bombardment, causing acceleration of an ion 
beam along a trajectory, which is then curved by a magnet leading to a mass dependent ion 
dispersion into Faraday cups allowing for concurrent isotope measurements (Shanks et al., 
1995; Ono et al., 2006). 
For this project, analyses were performed at two laboratories: The Gas Source Mass 
Spectrometry I Laboratory at the University of Maryland, College Park (UMD), and the 
Johnston Laboratory at Harvard University, in Cambridge, MA. Two different laboratories 
were used because of limited availability at both laboratories, and to investigate procedural 
and data quality issues associated with early results. Duplicate measurements from both 
laboratories also allowed for the investigation of inter-laboratory accuracy and challenges 
associated with defining values for Δ33S due to the lack of defined value for 33S for IAEA 
S-1. The results presented in this thesis include data from both laboratories. 
  
2.4.1 Isotopic analyses at University of Maryland, College Park 
Thirty-two mineral separate samples (see Appendix B) were analyzed at UMD in 
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April – May of 2018. Reduced S content of the monomineralic sulfide samples (pyrite, 
pyrrhotite, chalcopyrite, wurtzite, and marcasite) was extracted and converted to silver 
sulfide (Ag2S) using the chromium reduction method described in Canfield et al. (1986), 
which is specific to chromium reducible S (CRS) and is not affected by sulfate content (Fig. 
2.7).  
 
Figure 2.7: Post-CRS reduction filtration and cleaning process at the University of 
Maryland, College Park: (A) Multi-Blok heater used to dry silver sulfide samples 
overnight. (B) Centrifuge machine used to consolidate samples after rinsing with Milli – 
Q. 
The five sulfate (anhydrite and barite) samples were converted using the Thode 





resulting Ag2S was separated from liquid products using a micropipette, washed six times 
with Milli-Q while intermittently re-condensing solid material using a centrifuge, and dried 
overnight in a Multi-Blok heater (Fig. 2.7). The cleaned and dried Ag2S was then 
transferred to a fluorination chamber and filled with elemental fluorine gas (F2, Fig. 2.8) 
and left overnight at 250˚C, resulting in the reaction described in Equation 2.5, and the 




→    2𝐴𝑔𝐹 + 𝑆𝐹6 
Gas chromatography was used to purify the SF6 by eliminating residual 
contaminants produced in the fluorination process. The resulting gas was then introduced 
into a ThermoFinnigan MAT 253 gas source mass spectrometer on duel inlet mode in 




+, and the 
corresponding masses: 127, 128, 129, and 131 g/mol, respectively. The isotopic ratios for 
32S, 33S, 34S, and 36S are initially reported relative to the Canyon Diablo Troilite (CDT) 
standard, using δ notation. However, all values have been subsequently converted to the 
V-CDT scale (see section 4.1 for details). Analytical uncertainties are based on repeat 
analyses of IAEA S-1. Intra-laboratory reproducibility (1σ) is reported as ±0.15‰ and ± 




Figure 2.8: (A) The CRS reduction line and (B) the fluorination set up at the University of 
Maryland, College Park. 







In general, and barring minor procedural differences, S isotope analytical 
procedures at the Johnston Laboratory were consistent with those at the UMD laboratory. 
Nineteen samples (see Appendix B) were analyzed at Harvard University in February 2019. 
Samples analyzed at Harvard that had been previously analyzed at UMD were splits from 
the same picked material. The CRS reduction method (Fig. 2.9) described in Canfield et al. 
(1986) and the Thode solution procedure Fig. 2.11A) described in Thode et al. (1961) and 
Forrest and Newman (1977) were used to convert the samples to zinc sulfide. The first 
round of CRS reductions resulted in extreme reactions that caused the zinc acetate solution 
to bubble over during zinc sulfide precipitation. During following rounds of CRS 
reductions, 1 - 2 drops of anti-foaming agent was placed in the zinc acetate solution to 




Figure 2.9: The CRS reduction line at Harvard University. (A) 15mL zinc acetate 
solution, (B) Round bottom flask placed on a heater set at about 45 ℃. The ground up 
sample was placed in the round bottom flask, along with 20 mL each of 6 N HCL and 
CRS solution. (C) The cold water line, and (D) the N2 line. 
51 
 
precipitate CRS material in order to precipitate silver sulfide.  
The filtration technique (Fig. 2.10) at Harvard University varied from the decanting 
method used at UMD. After the CRS reduction, the zinc acetate solution and resulting 
precipitate material was run through a filtration column with 0.2 µ x 25 mm nitrate 
membrane filters. The precipitate material was cleaned by rinsing the column three times 
with NH4O4 solution, and intermittently with Milli Q. The cleaned and filtered silver sulfide 
precipitate material was then dried in a 50℃ oven for four hours and weighed. 
 
Figure 2.10: The filtration column set up used at Harvard University: (A) Vacuum line to 
encourage faster filtration, (B) membrane filter, placed in between filtration flask (with 
stopper) and filtration column, (C) filtration flask, (D) filtration column, and (E) curved 
clip holding the set up together.   
The silver sulfide material was again converted to SF6. Gas chromatography was 








process. The resulting gas was then introduced into a ThermoFinnigan MAT 253 mass 
spectrometer (Fig. 2.11B) running on duel inlet mode in order to measure the concurrent 




+, and the corresponding masses: 127, 128, 
129, and 131 g/mol, respectively. The isotopic ratios for 32S, 33S, 34S, and 36S are presented 
with respect to the V-CDT scale, using standard δ notation, in per mil. Calculated 
analytical uncertainties were determined by repeat analyses of standards IAEA S-1, IAEA 
S-2, and IAEA S-3 versus the internal reference gas. Intra-laboratory reproducibility (1σ) 
is reported as ±0.2‰, and ±0.006‰ for δ34S and Δ33S, respectively (Masterson, 2016).  
 
A B 
Figure 2.11: (A) Thode reduction set up at Harvard University. The heaters placed 
underneath the round bottom flasks were set at (~ 75 ℃) for the Thode reductions (B) 




Two independent laboratories were used to collect S isotope data, partly because 
first analyses from UMD resulted in higher than expected uncertainties. The reduction 
procedures at UMD resulted in low silver sulfide yields (<50%) for several samples (see 
appendix B), necessitating repeat CRS reductions. For reference, McDermott et al. (2015) 
reported CRS and Thode reduction yields above 90% for all samples. Unexpected sample 
behavior was also reported during fluorination at UMD, potentially related to the low silver 
sulfide yields. The analytical issues at UMD may have contributed to higher uncertainties 
in the S isotope ratios (largely the 33S values) that were ultimately measured.  
 Due to laboratory availability, the sediment cores that were collected after the 
UMD analyses were analysed at Harvard University. In order to ensure interlaboratory 
reproducibility, several samples (Tables 3.1 and 3.2) that had been analysed at UMD were 
also brought to Harvard for analysis. All CRS reduction yields at Harvard were relatively 
high (average of 82%), except for the first round of reductions (see Appendix B). No issues 
were encountered during the fluorination procedure at Harvard. Accordingly, data are 
presented from both laboratories separately and then potential analytical sources of the 
high uncertainty for the UMD samples are considered. The resultant Δ33S values indicate 
some interlaboratory bias, with the UMD data set trending more positively and the Harvard 
data set trending more negatively (Fig 4.1). Offsets in interlaboratory Δ33S values are 
inconsistent between corresponding samples analyzed at both laboratories (Fig. 4.2), and 
therefore cannot be attributed solely to normalization procedures associated with the lack 
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of defined value for 33S for IAEA S-1 reference material.  
 
3.1 University of Maryland, College Park 
The S isotope values of sulfide samples from Axial Volcano were relatively 
consistent, ranging from 3.4‰ to 3.9‰ for δ34SV-CDT and 0.006‰ to 0.022‰ for Δ
33SV-
CDT (Table 3.1). Sulfide samples from Middle Valley were more isotopically heavy than 
those from the other two sample locations, with δ34SV-CDT values ranging from 6.5‰ to 
7.0‰, while Δ33SV-CDT values ranged from -0.004‰ to 0.016‰. Endeavour sulfide 
samples showed more variation than either of the two first described locations, with δ34SV-
CDT values ranging from 0.1‰ to 4.3‰ and Δ
33SV-CDT values ranging from -0.020‰ to 
0.064‰ (Table 3.1; Fig. 3.1). Despite these variations, Endeavour sulfide samples do not 
show systematic differences between vent areas (Fig. 3.1). The two High Rise samples, 
however, had distinctively similar values for both δ34SV-CDT (3.8‰ to 4.3‰) and Δ
33SV-
CDT (0.005‰ to 0.014‰). 
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Table 3.1: Results of multiple S isotope analyses conducted on JdFR S bearing minerals separates in April-May 2018 at UMD. 








R1940-RCK8 Py Endeavour MEF 3.3 0.029 3.4 0.006 
R1940-RCK6 Py Endeavour MEF 3.4 0.034 3.5 0.012 
R1940-RCK 4 Py Endeavour MEF 2.2 0.015 2.3 -0.007 
R1940-RCK7 Py Endeavour MEF 4.0 0.010 4.1 -0.013 
R1941 RCK12 Py Endeavour High Rise 4.2 0.036 4.3 0.014 
D264-R2 Py Endeavour Salty Dawg 3.0 0.023 3.1 0.000 
D266-R8 Py Endeavour Zephyr Mound 4.2 0.002 4.3 -0.020 
D266-R6 Py Endeavour Zephyr Mound 3.6 0.087 3.7 0.064 
R1938-RCK21 Py Endeavour Sasquatch 3.5 0.041 3.6 0.019 
R1938-RCK16 Py Endeavour Sasquatch 2.4 0.019 2.5 -0.003 
R1939-RCK13 Mrc Endeavour MEF 0.0 0.055 0.1 0.033 
R1939-RCK 14 CuPy Endeavour MEF 3.8 0.022 1.9 -0.001 
ALV4438-1816 CuPy Endeavour MEF 2.0 0.023 3.9 0.003 
D266-R6 CuPy Endeavour Zephyr Mound 2.7 0.014 2.8 -0.008 
R1941-RCK12 CuPy Endeavour High Rise 3.7 0.028 3.8 0.005 
D264-R22 Barite Endeavour MEF 21.3 0.053 21.4 0.031 
ALV4450-1829 Barite Endeavour Mothra 20.9 0.068 21.0 0.045 
ALV4450-1538 Anhy Endeavour Mothra 20.9 0.053 21.0 0.031 
ALV4451-1725 Anhy Endeavour Sasquatch 18.7 0.068 18.8 0.045 
ALV4451-1725 Wz Endeavour Sasquatch 2.0 0.031 2.1 0.008 
R1938-RCK22 Po Endeavour Sasquatch 2.8 0.004 2.9 -0.018 
D264-R2 Po Endeavour Salty Dawg 2.4 0.016 2.5 -0.007 
D265-R3 MgPy Endeavour Sasquatch 3.4 0.053 3.5 0.030 
ALV4449-1938 Po Endeavour MEF 1.4 0.044 1.5 0.021 
R1942-RCK10 Po Middle Valley Bent Hill 6.4 0.018 6.5 -0.004 
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Table 3.1 continued..  








R1942-RCK8 Po Middle Valley Bent Hill 6.7 0.039 6.8 0.016 
R1942-RCK16 Po Middle Valley Bent Hill 6.9 0.025 7.0 0.002 
ALV4522-1748 Po Axial Volcano International District 3.8 0.045 3.9 0.022 
ALV4522-1748 Anhy Axial Volcano International District 20.2 0.064 20.3 0.041 
ALV4522-1748 CuPy Axial Volcano International District 3.3 0.028 3.4 0.006 
57 
 
The single marcasite sample from Endeavour has a near zero δ34SV-CDT value (Fig. 
3.1), which is consistent with marcasite values reported in Ono et al. (2007; Fig. 1.7). The 
pyrrhotite S isotope signatures vary significantly, with δ34SV-CDT values ranging from 1.5‰ 
to 7.0‰ and Δ33SV-CDT ranging from -0.018‰ to 0.022‰. The pyrite S isotope signatures 
show little variance in δ34SV-CDT, with values ranging from 2.3‰ to 4.3‰. However, for 
Δ33SV-CDT, the pyrite samples are similar in variation to pyrrhotite, with values ranging 
from -0.013‰ to 0.064‰. The chalcopyrite δ34SV-CDT values show little variance, ranging 
from 1.9‰ to 3.9‰, while Δ33SV-CDT range from -0.008‰ to 0.005‰. The S isotope ratios 
of the sulfate samples (both anhydrite and barite) have relatively consistent δ34SV-CDT 
values ranging from 18.8‰ to 21.4‰. The Δ33SV-CDT values for the sulfate samples ranged 
from 0.031‰ to 0.045‰. Overall, the S isotope results for the sulfide and sulfate minerals 
determined at UMD are generally consistent with results for these phases reported in 




Figure 3.1: University of Maryland S isotope values shown by mineralogy. Middle Valley 
samples are denoted by triangles, Axial samples by squares, and Endeavour samples by 
circles. All data are expressed using the exponential definition of Δ33S. Error bars are 1σ. 
For δ34S, error bars are smaller than the symbols used. 
 
3.2 Harvard University  
Sulfur isotope values (all reported with respect to V-CDT) of sulfide samples from 
Axial Volcano ranged from 3.2‰ to 4.6‰ for δ34S, and -0.015‰ to -0.058‰ for Δ33S 
(Table 3.2). Middle Valley sulfide samples were more isotopically heavy with respect to 
δ34S and negative with respect to Δ33S than those from the other two sample locations, 
ranging from 6.5‰ to 7.2‰ for δ34S, and -0.034‰ to -0.139‰ for Δ33S. Endeavour sulfide 


























0.054‰ for Δ33S. The two Zephyr Mound samples were more negative with respect to 
Δ33S than the rest of the sulfide samples from Endeavour, which ranged from -0.051‰ to 
-0.054‰ (Fig. 3.2). Three samples from the MEF area (ALV4438-1816, R1940-RCK4, 
and R1940-RCK6) had consistent values for both δ34S and Δ33S, likely indicative of the 
same subseafloor hydrothermal fluid source (δ34S average: 3.7‰, standard deviation: 
0.4‰; Δ33S average: -0.034‰, standard deviation: 0.001‰). 
Pyrite values ranged from 3.2‰ to 6.2‰ for δ34S and -0.005‰ to -0.054‰ for 
Δ33S (Fig. 3.2). The pyrrhotite values ranged from 4.7‰ to 7.5‰ for δ34S, more 
isotopically heavy than the pyrite. The pyrrhotite Δ33S values showed higher variability 
compared to other mineral types, from -0.014‰ to -0.139‰. The marcasite sample (Fig. 
3.2) had near zero values for both δ34S (0.4‰) and Δ33S (-0.003‰), consistent with values 
from Ono et al. (2007; Fig. 1.7). The chalcopyrite samples ranged from 3.1‰ to 4.6‰ for 
δ34S, and from -0.032‰ to -0.058‰ for Δ33S.  
Of the seven sediment core samples taken to Harvard University for S isotope 
analysis (Table 2.1), only two yielded enough silver sulfide during the CRS procedure to 
produce reliable multiple S isotope data: J2-1102-2-PC1-WC and J2-1101-9-PC1-B (Table 
3.2). Of these two sediment samples from Endeavour, the sample containing hydrothermal 
plume fallout yielded a similar isotopic signature (i.e., δ34S and Δ33S values)  to the other 
hydrothermal sulfide samples (δ34S: 3.6‰; Δ33S: -0.011‰) (Fig. 3.2), while a sample 
containing significant pyroclastic material yielded a negative δ34S value. The sulfate 
sample from Endeavour was enriched in 34S (δ34S: 22.2‰) and had a positive Δ33S value 
(Δ33S: 0.016‰), similar to that of seawater (Johnston et al., 2014; Tostevin et al., 2014). 
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All sample values were within the range of values reported for modern seafloor 
hydrothermal systems (Fig. 1.6). 
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Table 3.2: Results of multiple S isotope analyses conducted on JdFR sulfides and sediments in February-March 2019 at Harvard 
University. All results are reported using the V-CDT scale. 
Sample Mineral / Type JdFR Segment Vent Area δ34S (‰) V-CDT Δ
33S (‰) V-CDT 
R1942-RCK8 Po Middle Valley Bent Hill 7.5 -0.139 
R1938-RCK22 Po Endeavour Sasquatch 4.7 -0.014 
D264-R2 Py Endeavour Salty Dawg 4.2 -0.005 
R1941-RCK13 Py Endeavour High Rise 4.9 -0.008 
D266-R8 Py Endeavour Zephyr Mound 5.4 -0.051 
R1942-RCK10 Py Middle Valley Bent Hill 6.2 -0.054 
R1941-RCK12 Py Endeavour High Rise 4.4 -0.037 
ALV4451-1725 Wz Endeavour Sasquatch 2.8 -0.015 
ALV4438-1816 CuPy Endeavour MEF 4.1 -0.032 
R1940-RCK7 Py Endeavour MEF  5.2 -0.005 
R1940-RCK4 Py Endeavour MEF  3.2 -0.035 
ALV4522-1748 CuPy Axial Volcano International District 4.6 -0.058 
R1939-RCK13 Mrc Endeavour MEF 0.4 -0.003 
R1940-RCK6 Py Endeavour MEF  3.8 -0.035 
D266-R6 CuPy+Cov Endeavour Zephyr Mound 3.1 -0.054 
J2-1102-2-PC1-WC Sediment Endeavour near ridge  3.6 -0.011 
J2-1101-9-PC1-B  Sediment Endeavour near ridge  -2.1 0.020 
R1942-RCK16  Po Middle Valley Bent Hill 7.5 -0.034 
D265-R3 MgPy Endeavour Sasquatch 4.8 -0.043 
ALV4522-1725 Py Axial Volcano International District 3.2 -0.017 




Figure 3.2: Harvard University S isotope values shown by mineralogy. Middle Valley 
samples are denoted by triangles, Axial samples by squares, and Endeavour samples by 
circles. All data are expressed using the exponential definition of Δ33S. 1σ error bars are 
used for both δ34S and Δ33S. For δ34S, error bars are smaller than the symbols used. All 
values reported using the V-CDT scale. 
4. Discussion 
4.1 Inter-laboratory Comparison 
All data from UMD were initially reported using the CDT as opposed to the V-
CDT scale. A discrepancy in the data normalized to each scale for 33S that fell outside 
analytical uncertainties was found for the same samples measured at both laboratories. 



























S isotope normalization, and the influences of the different normalization scales on the 
data. 
4.1.1 V-CDT vs. CDT  
The Canyon Diablo Troilite (CDT) scale, a S isotope reference scale based on the 
S isotope value of troilite (FeS) from the Canyon Diablo meteorite, was formerly the 
accepted standard used for referencing S isotopes. However, the CDT was found to be 
isotopically heterogeneous, with a measured range of 34S values of 0.4‰ that were well 
outside the analytical uncertainty of 0.05‰ using SF6 (Beaudoin et al., 1994; Krouse and 
Coplen, 1998). For Δ33S values for CDT, Ono et al. (2006), and references therein, reported 
averaged inter-laboratory measurements that ranged from -0.10 to -0.13‰. At UMD, a 
value of -0.091‰ is used (Wu et al., 2018). The need to establish a new, internationally 
accepted, reference scale in favour of the CDT scale was recognized by the International 
Atomic Energy Agency (IAEA) and the International Union of Pure and Applied 
Chemistry (IUPAC). Both organizations supported the establishment of the Vienna-
Canyon Diablo Troilite (V-CDT) scale, to improve inter-laboratory precision. The V-CDT 
scale is based upon a synthetic silver sulfide reference material (IAEA S-1) with a defined 
δ34S value of -0.3‰ for easy conversion between CDT and V-CDT (Coplen and Krouse, 
1998). 
As of 1998, it was recommended that, for all S isotope analyses, researchers should 
cease utilizing the CDT scale in favour of the more homogenous V-CDT scale (Coplen 
and Krouse, 1998). However, unlike the older CDT, the V-CDT does not have a defined 
value for 33S. Since Δ33S values are essentially the deviation from a standard mass 
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dependent fractionation line between δ34S and δ33S, differences in measured δ34S and δ33S 
values between laboratories could contribute to the offsets in resultant Δ33S values. As a 
result of the lack of a defined value for 33S, thus also 33S, for IAEA S-1, the capacity for 
inter-laboratory normalization and comparison is much more challenging. 
The two different laboratories utilized in this thesis report results using two 
different S isotope scales: the Harvard lab uses V-CDT while UMD reports S isotope 
values with respect to CDT. To standardize samples, while the UMD lab uses the 
internationally accepted standard IAEA S-1 alongside unknown samples to assure 
precision, and then reports the unknown values with respect to the long-term average of 
the inhouse sample of CDT (δ34S value of about -0.4‰; Δ33S  value of -0.091‰ [Antonelli 
et al., 2014; Wu et al., 2018]). The use of multiple standards increases internal 
reproducibility of samples measured at UMD (Wu et al., 2018), which is advantageous for 
intralaboratory analyses. However, different labs utilizing CDT will produce different 
results due to the samples heterogeneity, which reduces external reproducibility of S 
isotope ratios measured at UMD (Antonelli et al., 2014). Very limited data are available 
on the homogeneity of 33S/32S in the CDT and all previous analyses of Δ33S and Δ36S in 
modern samples have generally utilized the V-CDT scale (with the exception of Labidi, et 
al. [2012] and Labidi et al. [2014]). Due to the known heterogeneity of CDT and most S 
isotope studies of modern hydrothermal systems using the V-CDT scale, the latter is 
preferred for this thesis. Thus, a means of converting the UMD data from the CDT to V-
CDT scale is needed to facilitate inter-laboratory data comparison and full interpretation 
of all samples together.  
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4.1.2 Data Normalization  
To facilitate inter-laboratory comparisons between the Harvard and UMD data, the 
UMD data set was converted from the CDT scale (where δ33S and δ34S are defined by 
UMD as -0.09‰ and -0.40‰, respectively [Wu et al., 2018; Antonelli et al., 2014]) to the 
V-CDT scale as defined in Wing and Farquhar (2015), where δ33S and δ34S are equal to -
0.061‰ and -0.30‰, respectively (Table 4.1).  
 
Table 4.1: Current values of IAEA S-1 reported for each laboratory in this thesis 
(Masterson et al., 2016; Masterson, 2016; Wing and Farquhar, 2015; Antonelli et al., 
2014; Wu et al., 2018). 
Institution  Scale IAEA S-1 
δ33S (‰)  
IAEA S-1  
δ34S (‰) 
UMD CDT -0.091 -0.40 
UMD V-CDT -0.061 -0.30 
Harvard V-CDT -0.04751 -0.30 
 
The conversion is described in Equation 4.1, where Rx is the isotope ratio (
34S/32S; but is 
also applicable for 33S/32S) of the sample. Isotope ratios are related to δ34S values using 






















Renormalizing the UMD data to the V-CDT scale via the above normalization 
resulted in a consistent downward shift in Δ33S (Fig. 4.1), bringing some of the UMD data 
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points within 1σ analytical uncertainty of the Harvard data set.  However, many of the 
samples analyzed at both laboratories were still not within the same uncertainty for both 
Δ33S and δ34S post normalization to the V-CDT scale and there remains a clear bias in 
datasets with respect to Δ33S, with the Harvard data systematically ~-0.04‰. (Fig. 4.2). 
The source of the remaining post-normalization inter-laboratory discrepancy is 
unclear. Due to the analytical issues experienced during sample processing at UMD (e.g., 
poor CRS recovery and complications during fluorination) the Harvard data set is favoured 
for this thesis. The UMD data are nonetheless useful for identifying potential outliers in 
the Harvard data (i.e., when S isotope ratios for the same sample deviate significantly 
between both data sets). As such, the UMD data are used only for reference and all further 
modelling and interpretation uses only the Harvard data. Although the absolute 33S values 
between the two datasets are shifted relative to each other, the interpretation of the data 




Figure 4.1: UMD values shown with respect to CDT and V-CDT, with the Harvard data 
set for comparison. All data are expressed using the exponential definition of Δ33S. Error 































4.1.2.1 Sulfur-33 and IAEA S-1 
The absence of a defined value for δ33S for IAEA S-1 requires different laboratories 
to use different definitions for normalization (e.g., Ono et al. 2007; Wing and Farquhar, 
2015; Tostevin et al., 2014; Peters et al., 2011). To test the significance of this variability 
on reported Δ33S values, all the compiled S isotope data from S minerals at modern 
hydrothermal vent sites reported previously in Figure 1.6 were converted to the Harvard 
University definition of V-CDT (Table 4.1), where IAEA S-1 has a Δ33S value of -0.107‰ 






















Figure 4.2: Corresponding results highlighting the differences in values for individual 
samples analyzed at University of Maryland (squares) and Harvard University 
(triangles). All data are expressed using the exponential definition of Δ33S. Error bars 





~0.007‰ for all non-Harvard data, but this shift varies between laboratories, ranging from 
0.003‰ to 0.023‰ (Fig. 4.3). Since most of the normalization shifts are within analytical 
uncertainty (1σ) of their respective data sets, the original values from the previous studies 
(as presented in Fig. 1.6) are used in this thesis. However, the shift in the data, albeit small, 
highlights the need to establish an internationally agreed upon δ33S IAEA S-1 value to 
improve the quality of future inter-laboratory comparisons.  
 
Figure 4.3: Compilation of renormalized and original Δ33S and δ34S values from previous 
multiple S isotope studies of modern  MOR systems, (data extracted from:  Peters et al., 
2010; Peters et al., 2011; Eickmann et al., 2014; Jaeschke et al., 2014; Ono et al., 2007; 
Ono et al., 2012; McDermott, 2015; McDermott et al., 2015; McDermott et al., 2018; 
Tostevin et al., 2014; Johnston et al., 2014*).  The Δ33S value of V-CDT used for 
normalization was retrieved from Masterson et al., (2016). All data are expressed using 
the exponential definition of Δ33S in per mil, with respect to V-CDT. Data are listed in 























4.2 Hydrothermal Fluid Mixing  
4.2.1 Mixing Models 
A series of mixing models were developed to constrain different contributions of 
S at the different vent fields on the JdFR. Axial Volcano S isotope signatures were 
hypothesized to fall along a mixing curve between seawater sulfate and basalt-derived S 
(e.g., Fig. 1.8). Middle Valley samples were hypothesized to have a S source that reflected 
the influence of a biogenic sulfide contribution from sediments on a hydrothermal system 
with sulfur otherwise sourced from seawater sulfate and basalt-derived S. Endeavour S 
isotope signatures were hypothesized to fall within a three-component mixing model 
similar to Middle Valley if buried sediment did indeed contribute biogenic sulfur to the 
hydrothermal system.  
A two-component mixing model showing mixing between two different S 
reservoirs is presented in Equation 4.3, where P represents the relative mass contribution 
of each reservoir (defined by Equation 4.6). A two-component mixing model showing the 
idealized, conservative mixing curve between bulk MOR S (δ34S and ∆33S  = ~0‰)  and 
seawater sulfate (δ34S = 21.15‰; ∆33S  = 0.048‰; Johnston et al. [2014]) is shown in Figure 
4.5 (by applying Equation 4.5 to both δ33S and δ34S, and using the calculated values to 
determine ∆33S)  along with the hydrothermal sulfides from a sediment-free hydrothermal 
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vent system representative of “typical” EPR-type mixing between seawater sulfate and 
basalt-derived reduced S (Ono et al., 2007).  
Equation 4.3 
δ34S𝑆𝑎𝑚𝑝𝑙𝑒 = δ
34S𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 𝐴(𝑃𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 𝐴) + δ
34S𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 𝐵(𝑃𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 𝐵) 
Equation 4.4 
𝑃𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 𝐴 = 𝑃𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 𝐵 − 1 
If only δ34S values are considered in two-component mixing relationships (e.g. 
inset linear mixing line in Fig. 4.4), hydrothermal sulfides will plot on a conservative linear 
mixture array between the basalt-derived reduced S and seawater sulfate end-members in 
these sediment-free environments that suggests a simple two-component mixing 
relationship (e.g., Hannington et al., 2005 and sources therein). However, measurements 
of multiple S isotopes (i.e., ∆33S) reveal another component that adds a second dimension 
(y-axis in Fig. 4.4) to the mixing model. For submarine hydrothermal systems, microbially 
reduced S is the only known S reservoir in the marine/submarine environment with a 
distinctly positive ∆33S signature that is coupled with a negative δ34S signature (outlined 
field in top left of Fig. 4.4)(Peters et al., 2010; Peters et al., 2011; Eickmann et al., 2014). 
Therefore, for this thesis, sulfur sources are evaluated using  δ34S-∆33S mixing models to 
constrain mixing between basalt-derived S, seawater sulfate, and sediment-derived, 
microbially reduced sulfide, the isotopic value of which is not well constrained, but 
averages δ34S = -18.6‰ and ∆33S  = 0.085‰ (Fig. 4.4; Peters et al., 2010; Peters et al., 
2011) (note: this average is used solely as an example, as biogenic sulfide material has a 
wide range of values; c.f. Fig. 1.7). The three component mixing models presented here 
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were developed by calculating S isotope endmember mixing lines between different S 
reservoirs (Samples from Endeavour, Axial Volcano, and Middle Valley are plotted in 





Figure 4.4: Two component mixing model showing theoretical mixing between idealized values of MOR basalt and seawater. The 
zone in which microbially reduced sulfide occurs is included for reference. Values from multiple S isotope studies of sediment-
free modern marine hydrothermal systems (red circles) generally fit along or above the mixing curve. A traditional linear mixing 
array with only δ34S data is shown below multiple S isotope data for comparison (Data retrieved from: Peters et al., 2010; 

























Based on the geological setting, it was initially hypothesized that the samples from 
Middle Valley and Axial Volcano would reveal predictable trends on the mixing plot due 
to their inferred S sources (i.e., Axial Volcano signatures would fall on the mixing curve 
between seawater and basalt, and Middle Valley S isotope signatures would trend towards 
the microbially reduced sulfide field due to entrainment of biogenic sulfide material). It 
was further hypothesized that these established “endmember scenarios” of S isotope 
signatures could be used to determine the relative degree to which the three main reservoirs 
(i.e., seawater, basalt, biogenic sulfide) contributed to the Endeavour samples, where a 
buried sediment source is hypothesized. However, very few data points fit within the space 
permissible of a three-component conservative mixture of the assumed S reservoirs and 
their endmember δ34S and ∆33S values. Most samples have more negative ∆33S signatures 
than originally predicted (Fig. 4.5). Thus, the original hypotheses required revising to 




Figure 4.5: Three component mixing model of the main S reservoirs for modern marine hydrothermal systems along with data 
from the three JdFR sites. Error bars are 1σ. The sedimentary sulfide endmember value is average biogenic sulfide value for 


























 Negative ∆33S values cannot be produced by mixing of the three endmember 
reservoirs (Fig. 4.5). Eickmann et al. (2014) reported sulfate samples with negative ∆33S 
and positive δ34S from the Loki’s Castle vent site on Mohns Ridge (Fig. 1.6). Eickmann et 
al. (2014) proposed that highly negative ∆33S and positive δ34S values in these sulfate 
samples were caused by microbial sulfate reduction fixing isotopically light sulfide in the 
subsurface of the seafloor, which caused the residual sulfate in the system to become 
progressively more isotopically heavy (more positive δ34S) and more negative ∆33S prior 
to its capture in sulfate minerals. However, the model proposed in Eickmann et al. (2014) 
used a δ34S value of 0‰ for the original sulfate reservoir that is microbially fractionated. 
Instead, here we assume standard seawater sulfate as the original sulfate reservoir and use 
the average values (δ34S: 21.15; ∆33S: 0.048) reported in Johnston et al. (2014).  
Using Equation 4.5 (which can also be applied to δ33S), and assuming that the 
starting S isotope value (δ34Sinitial) is equal to the average value for seawater sulfate 
presented in Johnston et al. (2014) and estimating that the biogenic sulfide produced during 
MSR (δ34Sproduct) is within the range of previously recorded values for sedimentary sulfide 
(Fig. 1.6), the residual sulfate produced during this reaction does not become more 
negative for 33S, but rather follows a positive trend, and would fall outside the model of 











 To generate hydrothermal sulfide precipitates with negative 33S values and 
positive δ34S values like the samples from the JdFR plotted in Figure 4.5, the mixing model 
was tested with different assumed S isotopic values of the MSR sulfide product. From this 
investigation, it was found that a minimum Δ33S value of ~0.7‰ for sulfide product of 
MSR produced sedimentary sulfide product (denoted by ‘x’ in Fig. 4.6) is required to form 
a residual sulfate reservoir (i.e., sulfate remaining in the system after MSR) with Δ33S 
values sufficiently negative to encompass most JdFR samples in the mixing model. 
However, this assumed Δ33S value of 0.7‰ for the MSR product is well outside the range 
of values measured for any modern sulfides produced from this microbial process (Fig. 1.6 
and included references), making even this modified three-component mixing model (Fig. 




Figure 4.6: Three component mixing model for modern marine hydrothermal systems modified to incorporate a sedimentary 
sulfide value (denoted as ‘X’) that would create a residual sulfate value negative enough to produce the JdFR sample S isotope 
signatures. 1σ error bars are smaller than the symbols. Model data from: Peters et al. (2010); Peters et al. (2011); Eickmann et al. 





























The initial three-component mixing models (Fig. 4.5 and Fig. 4.6) assume fixed 
isotopic values for δ34S and Δ33S end-member reservoir values. However, a range of S-
isotopic values for sedimentary sulfide derived from MSR have been documented (e.g., 
Peters et al., 2010; Peters et al., 2011; Eickmann et al., 2014), and the seawater and basaltic 
bedrock S reservoirs, although generally well constrained, are also not unique values but 
show a range in isotopic values (Ono et al., 2012; Eickmann et al., 2014; Jaeschke et al., 
2014; Tostevin et al., 2014; Peters et al., 2010). Measured S isotope measurements of 
seawater show a range in Δ33S values from 0.02‰ to 0.064‰; Johnston et al., 2014), the 
average of which is often taken to represent a fixed S isotope value in mixing models. 
Similarly, although the S isotope value of unaltered basalt is often approximated to be 
~0‰ for both Δ33S and δ34S (Fig. 4.4), altered basalts from mid-ocean ridges can show 
significantly more isotopic variance (Ono et al., 2012; Peters et al., 2010).  
Using the full range of modern multiple S isotope values recorded for the three 
end-member mixing reservoirs (Fig. 4.6), a hybrid mixing-fractionation model (Fig. 4.7) 
was created. The ranges for S isotope values for the reservoirs were estimated using data 
from previous studies (Fig. 1.6 and references therein). Mixing lines were then calculated 
using the extents of ranges of possible S compositions for each reservoir (Fig. 4.7). Mixing 
lines between the average biogenic sedimentary sulfide and basalt values, and between 
average basalt and seawater sulfate (Johnston et al., 2014), are included for reference. This 
modified model allows for a more realistic interpretation of SMS S isotope signatures, as 
it considers the full extent of known multiple S isotope values in modern marine 
hydrothermal systems. Because the endmember reservoirs represent ranges of values, the 
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model is not quantitative. However, by considering the range of possible endmember 
reservoir values, the hydrothermal samples from the JdFR generally have isotopic values 





Figure 4.7: Modified mixing model that incorporates the full range of S isotope values for S each reservoir. Solid black lines 
represent extent of known parameters for modern systems, while grey solid denote the extent of two component mixing ranges 
within the overall range of known values. Error bars are 1σ. (Model data from: Peters et al., 2010; Peters et al., 2011; Eickmann 
et al., 2014; Jaeschke et al., 2014; Ono et al., 2012; McDermott, 2015; McDermott et al., 2015; Johnston et al., 2014; Rees, 1973; 




































4.3 Site-Specific Sulfur Isotope Signatures  
4.3.1 Middle Valley 
The δ34S values for sulfide samples from Middle Valley from this study range from 
6.2‰ to 7.5‰. Corresponding Δ33S values are all negative for these samples (-0.034‰ to 
-0.139‰). Middle Valley hosts abundant turbiditic sediment containing allochthonous 
organic carbon believed to support the anaerobic, hyperthermophilic, heterotrophic, sulfate 
reducing organisms present at the site (Frank et al., 2013; Ran and Simoneit, 1994). Sulfate 
reducing microbes preferentially metabolize lighter isotopes, thereby producing 
isotopically light reduced S products with δ34S values as low as -50‰ (Canfield, 2001). 
Despite the documented presence of anaerobic sulfate reducing heterotrophic organisms 
at Middle Valley (Frank et al., 2013), previous S isotope studies of surficial hydrothermal 
sulfide samples at Middle Valley have consistently reported a range in positive δ34S values 
(e.g., 1.3‰ to 9.8‰ [Duckworth et al., 1994]; 1.6‰ to 8.4‰ [Stuart et al., 1994]) that, 
consistent with this study, trend towards a more isotopically heavy average value (δ34S= 
~8‰ [Adshead, 1996]) relative to typical sediment-free EPR (Hannington et al., 2005; 
Zierenberg, 1994; Adshead, 1996; Duckworth et al., 1994; Stuart et al., 1994). The only 
δ34S values for sulfide material reported from Middle Valley that are consistent with 
expected signatures for MSR are from samples taken at depth from cores (δ34S range: -
39.7‰ to -12.8‰ [Goodfellow and Blaise, 1988]). The isotopically heavy values for the 
surficial samples contrast hypotheses posited by this thesis and others (e.g., McDermott et 
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al., 2015) that entrainment of biogenic sulfides produced by MSR in sedimented 
hydrothermal systems would produce isotopically light SMS deposits.  
There have been several suggested sources for the isotopically heavy S present in 
Middle Valley SMS deposits, ranging from a primitive sulfur input (Goodfellow and 
Blaise, 1988), entrainment of isotopically heavy seawater sulfate in late stage 
hydrothermal fluids (e.g., Stuart et al., 1994; Goodfellow and Franklin 1993), to the 
entrainment of reduced seawater sulfate that was infiltrated and trapped in sedimentary 
pore fluids (Duckworth et al., 1994; Stuart et al., 1994). While the process of incorporation 
is contested, most of these studies agree that the isotopically heavy δ34S values are related 
to the incorporation of a sulfur source ultimately derived from seawater. However, 
although one sample from Middle Valley has an isotopic value that is consistent with 
mixing between basalt and seawater sulfate, the other samples require a residual seawater 
sulfate source that has already been fractionated (Fig. 4.7).  
Rayleigh distillation is a fractionation process that could account for both the 
anomalously positive δ34S (relative to EPR) and negative Δ33S values for Middle Valley 
SMS samples (Shanks et al., 1995). Rayleigh distillation is a distinct type of open system 
reservoir effect in which isotope fractionation occurs between two phases, and one of the 
phases is progressively removed from the system. Rayleigh distillation leads to a 
progressive overall change in the isotopic composition of the system and can lead to wide 
ranges in S isotope values (Shanks et al., 1995). At Middle Valley, which is an open system 
with respect to S (Goodfellow and Blaise, 1988), hyperthermophilic heterotrophic bacteria 
reduce seawater sulfate in the hydrothermal recharge zone below the seafloor (Frank et al., 
2013), where it becomes fixed in the subsurface (Goodfellow and Blaise, 1988). The 
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systematic removal of the lighter isotopes would drive the remaining seawater sulfate in 
the fluid (residual sulfate) to become progressively more isotopically heavy with respect 
to δ34S (e.g., Fig. 4.6). Sulfur reservoir mixing between thermochemically reduced residual 
sulfate and remobilised reduced sulfur leached from altered basalt could generate the Δ33S 
values observed in Middle Valley SMS samples (Fig. 4.7).  
Similarly, microbial reduction of sulfate from fluids in a basalt environment 
dominated by igneous sulfur with a near zero for both Δ33S and 34S can result in residual 
sulfate with negative Δ33S values, resulting in microbially altered basalts from open 
systems with negative Δ33S values (e.g., Ono et al., 2012). Using the model in Figure 4.7, 
the S isotope signatures at Middle Valley are consistent with subseafloor interactions 
between open-system microbially altered basalt derived S and thermochemically-reduced 
seawater sulfate.   
The mixing-fractionation model summarized in Figure. 4.7 is illustrated in Figure 
4.8 with respect to the isotopic evolution of S in hydrothermal fluid at Middle Valley. 
Seawater sulfate infiltrates the permeable sedimented seafloor. Microbial sulfate reduction 
results in precipitation of isotopically light biogenic sulfide in the subsurface (e.g., the 
pyrite signatures of Goodfellow and Blaise, 1988) at temperatures high enough for 
anaerobic hyperthermophilic sulfate reducing bacteria to thrive (>80℃; Butterfield et al., 
2004), but too low to readily dissolve iron sulfide (<150℃; Giggenbach, 1974), thereby 
removing light isotopes from downwelling seawater during hydrothermal recharge. The 
residual sulfate in the hydrothermal fluid becomes enriched in heavy S isotopes and more 
negative with respect to Δ33S. Anhydrite is precipitated at 150℃ (Elderfield et al., 1999), 
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removing some sulfate from the hydrothermal fluid. The remaining sulfate is progressively 
heated, and thermochemically reduced. No significant fractionation is associated with 
thermochemical reduction of dissolved sulfate to sulfide when the process proceeds to 
completion (Machel et al., 1995).  The reduced dissolved S in the hydrothermal fluid then 
interacts with leached, basalt-derived reduced S and subseafloor sediments. The mixed 
reduced S then ascends in thermally buoyant hydrothermal fluid to the seafloor and 
discharges at zones where sediment is at minimum (i.e., above basement edifices; Davis 
and Villinger [1992]). The precipitated SMS deposits formed by these processes are 




Figure 4.8: Model of hydrothermal fluid progression and evolution through interactions with various S sources at Middle Valley, 
on the Juan de Fuca Ridge. (Modified from Jamieson, 2005; including known parameters from Peters et al., 2010; Peters et al., 
2011; Eickmann et al., 2014; Jaeschke et al., 2014; Ono et al., 2007; Ono et al., 2012; Johnston et al., 2014; Davis and Villinger, 




4.3.2 Axial Volcano 
Axial volcano is a sediment-free site. Previous studies indicate that S isotope values 
from hydrothermal sulfides at these sites can generally be explained by two-component 
mixing between seawater sulfate and unaltered basalt-derived S (e.g., Ono et al., 2007) 
(Fig. 4.4). The lack of turbiditic sediment (and associated allochthonous organic material) 
at these sites make conditions generally unfavourable for heterotrophic sulfate reducers. 
However, results from this thesis and previous studies indicate that Axial Volcano exhibits 
S isotope signatures atypical for sediment-free MOR sites (i.e., more positive δ34S, with 
negative Δ33S values potentially indicative of a significant microbial or alteration 
component). 
Sulfur isotope values reported for vent fluid and SMS samples from Axial Volcano 
reported to date are generally enriched in the heavy isotopes of S. Vent fluid H2S at ASHES 
has positive δ34S values that range from approximately 6.1‰ to 7.3‰ (Shanks et al., 1995 
and sources therein). Hannington and Scott (1988) reported sulfide-rich samples at CASM 
with δ34S values ranging from 2‰ to 6‰. Crowe and Valley (1992) reported isotopically 
heavy wurtzite at CASM, with δ34S values of up to 9‰. The δ34S values from these samples 
overlap but are on average slightly heavier than EPR-type SMS deposits (Hannington et 
al., 2005).  
Hydrothermal sulfide samples that are enriched in the heavy isotope are typically 
attributed to a higher proportion of a seawater sulfate component, due to the well-
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constrained positive δ34S value of 21‰ for seawater sulfate. For example, Hannington and 
Scott (1988) suggested the possibility of anhydrite incorporation and replacement in 
addition to abiotic sulfate reduction of seawater sulfate in the hydrothermal fluid to explain 
the positve δ34S values at Axial. The Δ33S data from this study allows the premise of 
significant incorporation of seawater sulfate to be tested in a similar fashion to the Middle 
Valley samples. 
The sulfide sample δ34S values from Axial Volcano for this study are 3.2‰ and 
4.6‰, which are consistent with previous work on surficial samples from Axial Volcano. 
However, like Middle Valley, the Δ33S values are all negative for these samples (-0.058‰ 
to -0.017‰) suggesting that the samples do not fall along the two-component mixing curve 
between seawater sulfate and magmatic S (Fig. 4.5) and fractionation processes and/or S 
reservoirs other than those described in EPR-type two-component mixing are affecting the 
hydrothermal fluids at Axial Volcano. Two potential explanations that can account for the 
coupled positive δ34S and negative Δ33S values sulfide samples at Axial Volcano are 1) 
MSR; and 2) disproportionation of magmatic SO2. 
Despite conditions not being favourable for heterotrophic MSR at sediment-free 
submarine hydrothermal systems, Butterfield et al. (2004) reported the presence of 
thermophilic and hyperthermophilic microbes, including anaerobic heterotrophic sulfate 
reducers (Thermodesulfobacterium spp.) and chemolithoautotrophic sulfate reducers 
(Desulfurobacterium spp.), in low-temperature (<80°C) diffuse vent fluids at Axial 
Volcano. Both types of bacteria are associated with optimum growth at high temperatures 
(>80°C), indicating that the bacteria did not originally grow in the low-temperature diffuse 
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fluids from which they were collected, but rather were transported from higher temperature 
fluids occurring at depth within the hydrothermal system. The presence of thermophilic 
heterotrophic and chemolithoautotrophic sulfate reducers indicates both inorganic and 
organic-supported MSR occurring at depth within the high temperature subseafloor 
hydrothermal system (Butterfield et al., 2004). Butterfield et al. (2004) proposed that 
organic-supported MSR occurring at depth is supported by former macrofaunal 
communities buried underneath later basalt flows. Subsurface MSR could produce 
microbially altered basalt and residual sulfate that would influence the S isotope signatures 
of hydrothermal fluids and related SMS deposits at Axial Volcano to produce isotopic 
values compatible with the three-component mixing model outlined in Figure 4.7. The 
isotopic values of hydrothermal deposits at Axial would be similar to Middle Valley but 
without the requirement for organic-rich sediments in the downwelling zones. Specifically, 
while both Axial Volcano samples are not within the mixing curve between seawater sulfate 
and unaltered basalt, they do fit within the range of mixing between open system 
microbially altered basalt and seawater sulfate. 
At typical mid-ocean ridge systems, hydrothermal sulfate minerals generally have 
δ34S values equal to that of seawater (21‰) (e.g., Jaeschke et al., 2014). However, S 
disproportionation at submarine hydrothermal systems can result in isotopically lighter 
sulfate minerals with δ34S values slightly less than that of seawater (Kim et al., 2004; 
McDermott et al., 2015). Sulfur disproportionation had not been considered as a potential 
source of fractionation at Axial because this process is typically associated with gas-rich 
arc-related settings (McDermott et al., 2015 and sources therein). However, previously 
90 
 
reported δ34S values of sulfate minerals from CASM are generally slightly less than that of 
seawater, with some samples having δ34S values as low as 16‰ (Hannington and Scott, 
1988), potentially indicative of SO2 disproportionation. Axial Volcano is enriched in 
volatiles relative to other MOR sites as evidenced by CO2-enriched melt inclusions present 
in the abundant pyroclastic deposits surrounding the volcano (Helo et al., 2011), high levels 
of magmatic CO2 in hydrothermal fluids (Butterfield et al., 1990; Butterfield et al., 2004), 
and high total gas content in hydrothermal fluids indicative of magmatic degassing 
(Butterfield et al., 2004). These data indicate that SO2 may provide an additional sulfur 
source to the hydrothermal system at Axial. However, the reduced S product of SO2 
disproportionation is relatively depleted in 34S and would result in sulfide minerals or fluid 
H2S with a more negative 
34S values (McDermott et al., 2015). However, the positive 34S 
values of the sulfide deposits at Axial suggest that, if SO2 is providing an additional source 
of sulfur to the system, that relative abundance of that source is negligible within the limits 
of the resolution of the sulfur isotope analyses, with respect to both Δ33S and δ34S.  
The sub-surface mixing-disproportionation model for Axial Volcano is illustrated 
in Figure 4.9 with respect to the isotopic evolution of S in hydrothermal fluid. Seawater 
sulfate infiltrates the subseafloor, where it is progressively heated with depth. Anearobic 
hyperthermophilic and thermophilic heterotrophic and chemolithoautotrophic microbial 
sulfate reducers convert some of the seawater sulfate present in the heated hydrothermal 
fluid to H2S. The H2S precipitates as isotopically light biogenic sulfide, while isotopically 
heavy residual sulfate continues to cycle through the hydrothermal system. Some of this 
residual sulfate precipitates as anhydrite at ~150℃ (Elderfield et al, 1999), and the 
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remainder is thermochemically reduced with progressive heating (e.g., Machel et al., 1995). 
At ~400℃, the hydrothermal fluid may interact with products of magmatic degassing (i.e., 
disproportionated isotopically heavy HSO4 and isotopically light H2S or S
0. These sub-
surface processes result in SMS deposits with varied, but generally isotopically heavy S 





Figure 4.9: Model of hydrothermal fluid progression and evolution through interactions with various S sources at Axial Volcano, 
on the Juan de Fuca Ridge. (Modified from Jamieson, 2005; including known parameters from Peters et al., 2010; Peters et al., 
2011; Eickmann et al., 2014; Jaeschke et al., 2014; Ono et al., 2007; Ono et al., 2012; Johnston et al., 2014; Machel et al., 1995; 
Jamieson et al., 2016a; Reeves et al., 2011). All data are expressed using the exponential definition of Δ33S in per mil, with respect 




Endeavour is a sediment-free MOR site, but one which may have buried sediment 
(Lilley et al., 1993; You et al., 1994; Kelley et al., 2012; Seyfried et al., 2003). 
Accordingly, S isotope signatures of sulfide and sulfate samples could capture a mixture 
between seawater sulfate and basalt-derived S, with potential entrainment of biogenic 
sulfide indicative of buried sediment, as was initially hypothesized. Endeavour S isotope 
signatures show significant variation within and between the various vent areas, 
particularly with respect to Δ33S. Excluding one anhydrite sample (ALV4450-1538; δ34S: 
22.2‰ and Δ33S: 0.016‰), which is thought to represent seawater sulfate heating to 150℃ 
upon interaction with high temperature vent fluid, and one marcasite sample (R1939-RCK-
13; δ34S: 0.4‰ and Δ33S: -0.003‰), the S isotope values of SMS samples at Endeavour 
have a generally consistent slight heavy isotope enrichment (average δ34S: 4.2‰; standard 
deviation: 0.8‰) with variable but generally negative Δ33S values (range from -0.005‰ 
to -0.054‰) without clear or consistent mineral-specific deviations between locations. It 
is assumed that, because of the lack of variation in isotopic composition, these samples are 
generally representative of direct precipitation from hydrothermal vent fluid.  
Similar to Middle Valley and Axial, the negative Δ33S values of the SMS samples 
at Endeavour eliminates the application of the two-component mixing model for seawater 
sulfate and S derived from unaltered basalt for most samples (Fig. 4.5). In the following 
sections, the sulfur sources for all SMS samples from Endeavour, except for the marcasite 
sample from the Main Endeavour Field (considered separately in Section 4.3.3.1), are 
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discussed in groups based on sampling locality. Two push core sediment samples from the 
Endeavour area are also discussed separately in Section 4.3.3.2.   
The δ34S values for SMS samples from MEF, Salty Dawg and High Rise (4.2‰ to 
4.9‰) are consistent with previously reported vent fluid H2S δ
34S values at Endeavour, 
which ranged from of 3.8‰ to 5‰ (Shanks et al., 1995; Hannington et al., 2005), and are 
consistent with δ34S values from the sediment-free EPR. These conditions are supported 
by the near-zero Δ33S values for the Salty Dawg sample and one sample from High Rise. 
These two samples (and one sulfide sample from MEF, discussed below) constitute the 
only samples that fall (within uncertainty) directly on a S isotopic mixing curve between 
S derived unaltered basalt and seawater sulfate. The more negative Δ33S value from the 
remaining High Rise sample does not fall on this mixing curve. However, it does fall 
within the mixing range between microbially altered basalt-derived S and seawater sulfate, 
and thus could indicate a microbial component (Fig. 4.10).  
The δ34S values for SMS samples from the Main Endeavour Field (MEF) display 
a larger range (3.2‰ to 5.2‰) than previously reported from vent fluid H2S δ
34S at 
Endeavour (Shanks et al., 1995; Hannington et al., 2005). The most isotopically heavy 
sample from the MEF (δ34S= 5.2‰) has a Δ33S value (-0.005‰) that lies along the mixing 
curve between unaltered basalt and seawater sulfate within its analytical uncertainty (Fig. 
4.10). Therefore, this is the only sample from MEF where seawater sulfate incorporation 
in late stage hydrothermal fluids, i.e., EPR-type two component mixing, is supported. In 
contrast, three samples from MEF have negative Δ33S values that lie outside of the two-
component mixing curve between seawater sulfate and unaltered basalt. Similar to the 
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single High Rise sample, the S isotopic value of this sample can be explained by mixing S 
from altered basalt and seawater sulfate and thus indicate a potential altered 
basalt/microbial component. The sulfate sample from Mothra has a S isotopic value (δ34S: 
22.2‰ and Δ33S: 0.016‰) that overlaps, within uncertainty, with seawater sulfate and thus 
can be explained as being derived entirely from seawater without any S disproportionation 




Figure 4.10: Mixing model from Fig. 4.7 with location and mineral specific data from Endeavour. Error bars are 1σ. Pyrite is 
denoted by circles, chalcopyrite by squares, marcasite by a diamond, pyrrhotite by a triangle, sulfate by a square with a “+”, and 
wurtzite by a square with an “x.” (Model data retrieved from: Peters et al., 2010; Peters et al., 2011; Eickmann et al., 2014; 





































Based on the range in S isotope data at Endeavour, two separate processes could 
generate the isotopic signatures in the sulfide samples. For samples with near-zero Δ33S, a 
more straightforward mixture between unaltered basalt-derived S and seawater sulfate can 
be invoked. For samples with more negative Δ33S, similar mixing scenario of seawater 
sulfate with altered basalt rather than unaltered basalt can be invoked. In both cases, the 
original hypothesis of testing for buried sediments beneath basaltic flows cannot be 
resolved, as it is not possible to distinguish between sediment buried beneath basalt flows 
and microbially altered basalt through the use of S isotopes alone. Instead, the S isotope 
signatures at Endeavour overlap largely with those at Axial Volcano and thus could be 
explained entirely by having a buried organic source (such as the macrofaunal 
communities suggested by Butterfield et al. [2004]) that drive open-system MSR. 
The two separate S source/mixing processes inferred at Endeavour are illustrated 
in Figure 4.11 with respect to the isotopic evolution of S in hydrothermal fluid. Where 
sulfide samples exhibit evidence of EPR-type two-component mixing, infiltrated seawater 
is progressively heated causing anhydrite to precipitate. The hydrothermal fluid further 
interacts with basalt-derived S in the subseafloor, where remaining sulfate is 
thermochemically reduced. As temperatures continue to increase and the fluid becomes 
thermally buoyant, it ascends and discharges at the seafloor, forming chimney structures.  
The isotope signatures associated with interactions between hydrothermal fluid and 
various potential S reservoirs are less clear where signatures exhibit evidence of microbial 
influence, as several factors could influence these various sources. Some of the infiltrated 
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seawater sulfate is reduced to H2S via MSR through heterotrophic mechanisms via 
interactions buried sediments and/or macrofauna. Likewise, some infiltrated seawater is 
reduced to H2S via MSR through chemolithoautotrophic sulfate reduction. In both cases, 
resultant H2S is precipitated as biogenic sulfide, removing light isotopes from the 
hydrothermal fluid and generating isotopically heavy residual sulfate (positive δ34S) with 
a negative Δ33S signature. The residual sulfate is thermochemically reduced and 
discharged onto the seafloor, producing sulfide samples with positive δ34S and negative 




Figure 4.11: Model of hydrothermal fluid progression and evolution through interactions with various S sources at Endeavour, on 
the Juan de Fuca Ridge. (Modified from Jamieson, 2005; including known parameters from Peters et al., 2010; Peters et al., 2011; 
Eickmann et al., 2014; Jaeschke et al., 2014; Ono et al., 2007; Ono et al., 2012; Johnston et al., 2014; Jamieson et al., 2016a; 
Machel et al., 1995). All data are expressed using the exponential definition of Δ33S in per mil, with respect to V-CDT. 
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4.3.3.1 Isotopically Light Marcasite 
The single marcasite sample from the MEF (R1939-RCK-13) differs from other 
SMS with its near-zero values for both δ34S and Δ33S (Fig. 3.2). These signatures are, 
however, consistent with previously published values for hydrothermal vent marcasite 
(Fig. 3.4)(Ono et al., 2007). The marcasite sample’s near-zero S isotope values place the 
sample in the region of basalt-derived S (Fig 4.12). To achieve these near-zero values 
through basalt/seawater S mixing alone, the sample must be composed nearly entirely of 
basalt-derived S with little to no seawater sulfate component. This was unlike all other 
sulfide samples from Endeavour, which had consistent slightly positive δ34S values with 
slightly negative Δ33S values (Fig. 4.7), indicating precipitation from a relatively 
homogenous hydrothermal fluid with S derived from both seawater sulfate and altered 
basalt and localized microbial components (Fig. 4.10). Several iron disulfides (including 
marcasite) from Ono et al. (2007) were stated to be in isotopic disequilibrium with 
corresponding sulfide samples (i.e., sphalerite and chalcopyrite). This suggests that 
marcasite, which normally forms on the exterior of active chimneys under slightly lower 
pH conditions than pyrite, may be forming via other mechanisms rather than direct 
precipitation from a homogenous hydrothermal fluid (Juniper et al., 1992).  
Paradis et al. (1988) reported the presence of marcasite beneath colonies of 
hydrothermal vent vestimentiferan tube worms, while Juniper at al. (1988) noted the 
presence of elemental S in worm tubes at hydrothermal vents. Though direct marcasite 
precipitation is not a significant process at temperatures below 300℃ (Shoonen and 
Barnes, 1991a), intermediary species, such as elemental S, can promote precipitation of 
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marcasite (Juniper et al., 1992; Shoonen and Barnes, 1991a; Shoonen and Barnes, 1991b; 
Shoonen and Barnes, 1991c). Elemental S can be released as a by-product during 
biological sulfide oxidation and can also be produced by biological digestion processes, 
thereby released as a component of fecal matter (Desbruyères et al., 1985; Juniper et al., 
1992). Paradis et al. (1988) suggested that iron sulfide (FeS) could react with the elemental 
S present in tube mucous, thereby forming the marcasite (FeS2) lining observed beneath 
the tube worm colonies. Though it provides a helpful context, the formation of marcasite 
via organically produced intermediary species at submarine hydrothermal vents is likely 
not a process that is limited to tube worms, as many different autotrophic S oxidizing 
microbial species have been isolated from hydrothermal vent fluids collected from 
numerous sites (e.g., Ruby et al., 1981; Seivert et al., 2008; Meier et al., 2017). 
If a biogenic sulfide component is assumed to be involved and contributing to the 
marcasite S isotope value, there is another mechanism to explain the near-zero δ34S and 
Δ33S values apart from a dominance of basalt-derived S. Specifically, it is possible that the 
hydrothermal vent fluid H2S mixed subsequently with biogenic sulfide. To explore this 
possibility, the mean S isotope value of all other MEF sulfide samples (δ34S: 4.1‰; Δ33S: 
-0.027‰)  is used as an end-member (presumed to represent the vent fluids) and mixed 
with an average biogenic sulfide value (δ34S: -18.6‰; Δ33S: 0.085‰) of sedimentary pyrite 
samples reported in Peters et al. (2010) and (2011) (average value used solely as an 
example, as biogenic sulfide material has a wide range of values; c.f. Fig. 4.12). The 
marcasite sample S isotope value falls along the trend of a mixing curve between these 
endmembers (Fig. 4.12). Similarly, the S isotope signatures of marcasite from Lucky Strike 
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reported in Ono et al. (2007) fall along the trend of a mixing curve between the mean S 
isotope value of other sulfide samples from Lucky Strike reported in the same study 
(chalcopyrite; presumed to represent endmember vent fluids) and the average biogenic 
sulfide value of sedimentary pyrite samples reported in Peters et al. (2010; 2011); Fig. 
4.12). It is therefore possible that the some isotopically lighter marcasite formed at 
submarine hydrothermal vent systems via a reaction between by-products of biological 
processes (S) and iron sulfide (FeS) source from hydrothermal fluid. However, the wide 





Figure 4.12: Marcasite data from this study and Ono et al. (2007) with corresponding mixing curves between averaged values for 
sulfide samples from MEF (this study), CuPy from Lucky Strike (Ono et al., 2007) and biogenic sulfide (Peters et al., 2010; Peters 



























4.3.3.2 Push Core Sediment Samples  
4.3.3.2.1 Core Sample J2-1102-2-PC1-WC 
Core sample J2-1102-2-PC1-WC, was collected from the axial valley floor at 
Endeavour. The core is composed of turbiditic sediment and significant hydrothermal 
plume fallout (Table 2.1), has a δ34S value of 3.6‰ ±0.2‰ (1σ) that overlaps with 
previously reported vent fluid H2S δ
34S values reported from Endeavour  (3.8‰ to 5.0‰) 
(Shanks et al., 1995; Hannington et al., 2005). Sulfide minerals present in the sample have 
an average Δ33S value (-0.011‰) within the range of other SMS samples measured at 
Endeavour (Fig. 4.13) and thus likely represent the direct product of hydrothermal plume 
fallout. However, the S isotope value also falls along the trend of a mixing curve between 
the average (excluding marcasite) Endeavour sulfide S isotope signatures presented in this 
thesis (δ34S: 3.9‰; Δ33S: -0.026‰) and average biogenic sulfide, as described for the 
marcasite sample (Section 4.3.3.1) and illustrated in Figure 4.13. Accordingly, the sulfide 
present in the sample may be product of mixing between minor biogenic sulfide and 
primary hydrothermal plume fallout. Again, the very wide range in S isotopic values of 
possible biogenic S leaves a wide envelope of uncertainty on these models and no 




Figure 4.13: Sediment data from this study and mixing curves between averaged values (excluding marcasite) Endeavour sulfide 
samples (this thesis) and unaltered basalt with biogenic sulfide. Pyroclast containing sediment sample (J2-1101-9-PC1-B) is 
denoted by a square, while the sample rich in plume fallout (J2-1102-2-PC1-WC) is denoted by a triangle. Error bars are 1σ 
(Averaged S reservoir data from: Peters et al., 2010; Peters et al., 2011; Eickmann et al., 2014; Ono et al., 2007; Ono et al., 2012; 




























4.3.3.2.2 Core Sample J2-1101-9-PC1-B 
Core sample J2-1101-9-PC1-B, collected from just outside the axial valley, west 
of MEF, is composed of a mix of turbiditic sediment and basaltic pyroclasts (Table 2.1), 
and had an negative δ34S value of  -2.1‰ and a slightly positive Δ33S value of 0.020‰. 
These values fall within the range of altered basalt (Fig. 4.13). While sulfide grains were 
not visible in the sample via a stereomicroscope, a minor biogenic sulfide component is 
likely present, as indicated by the negative δ34S values. However, the S isotope signature 
also falls along a mixing curve between unaltered basalt and biogenic sulfide (Fig. 4.13). 
As such, the S isotope signature was likely produced via the dual influence of the basaltic 
pyroclasts, which would be expected to contribute near-zero isotope values for both Δ33S 
and δ34S, and the sediment, which would be expected to contribute positive Δ33S values 
and negative δ34S values. 
The S isotope signature from core sample J2-1101-9-PC1-B further illustrates the 
difficulty in distinguishing between the different potential microbial influences in 
hydrothermal fluids and related SMS deposits at submarine hydrothermal systems (i.e., 
microbial presence in buried sediment at basalt hosted systems versus direct microbial 
alteration of basalt). Separate S isotope analyses of the turbiditic sediments and pyroclastic 
debris may enable confirmation of the potential dual source contributing to the S isotope 






New multiple S isotope data from sulfides and sulfates sampled at three sites of the 
JdFR (Middle Valley, Axial Volcano, Endeavour) have resulted in a refined understanding 
of hydrothermal processes at this site, which are also relevant to the application of multiple 
S isotopes as a tool for constraining S cycling in other modern submarine hydrothermal 
systems. A summary of the key findings based on this work is: 
1. Models used to illustrate S mixing in hydrothermal systems must include the 
full extent of S isotopic data observed for each S reservoir (in conjunction with 
fixed endmember values) for the most comprehensive interpretation of the data 
that considers the range and possible isotopic values of the endmember source 
reservoirs.  
2. When a full range of S isotope values of a reservoir are considered, one of the 
core hypotheses of this study, that entrainment of microbial sulfide would 
uniquely generate S isotope signatures with negative δ34S values and positive 
Δ33S values at sedimented sites, is rejected. In fact, the opposite appears to be 
true. Biogenic sulfide is fixed in the subsurface at temperatures high enough for 
anaerobic hyperthermophilic sulfate reducing bacteria to thrive (>80℃) 
(Butterfield et al., 2004), but too low to readily dissolve iron sulfide (<150℃) 
(Giggenbach, 1974), thereby removing light isotopes from the hydrothermal 
fluid during cycling.  
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3. Axial Volcano does not exhibit the same two-component S reservoir mixing 
typical of other active volcanic sediment-free MOR hydrothermal sites. This 
may be due to influence from one or more of the following: a) SO2 
disproportionation; b) microbial altered basalt due to thermophilic and 
hyperthermophilic sulfate reducing bacteria present in the subseafloor; c) 
entrainment of residual sulfate from MSR. The source models presented in this 
study cannot distinguish between these different processes. 
4. Hydrothermal S isotope signatures at Endeavour exhibit both EPR-type two 
component mixing, as well as a larger range of Δ33S values indicative of 
microbial influence (i.e., altered basalt or residual sulfate). It is possible that the 
microbial influence could be caused by pockets of buried sediment overlain by 
later basalt flows, but isotopic results are not conclusive. 
5. Multiple sulfur isotopes alone do not provide a diagnostic tool for identifying 
buried sediment at submarine hydrothermal sites, as the isotopic signature of 
reduced sulfur in sediment is indistinguishable from microbially altered basalt, 
both of which can result in residual sulfate incorporation and produce sulfide S 
isotope signatures with negative Δ33S values. 
6. Marcasite is isotopically lighter than other sulfide samples analyzed in this 
study. Though the near-zero δ34S and Δ33S values are consistent with basalt-
derived S, contextual observations (i.e., well constrained isotopically heavy 
hydrothermal fluid at the site; similar discordance between marcasite and other 
related SMS mineral samples reported in Ono et al. [2007]) indicate other 
processes may be contributing to the S isotope signatures of some iron 
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disulfides. These discordances may be due to biogenic S0 mixing with 
hydrothermal fluid FeS to produce near zero multiple S isotope signatures.  
7. Pyroclast and plume fallout containing push core sediments from Endeavour 
are representative of two-component mixing between their respective 
components. The plume fallout sample falls along a mixing curve between 
average biogenic sedimentary sulfide from Peters et al. (2010) and (2011) and 
Endeavour sulfide from this thesis. Similarly, the pyroclast-containing sample 
falls along a mixing curve between biogenic sedimentary sulfide (Peters et al., 
2010; Peters et al., 2011) and unaltered basalt.  
5.2 Recommendations  
Though the use of the V-CDT scale produced repeatable intralaboratory results, 
data normalization with respect to the V-CDT scale remains inconsistent between 
laboratories and results in minor offsets between data sets. This offset highlights the need 
for the scientific community to establish an internationally agreed upon value for δ33S with 
respect to V-CDT. If a consensus cannot be reached regarding the multiple S isotopic value 
of IAEA S-1, it may be necessary to adopt new standardization (e.g., Geng et al., 2019) 
and normalization procedures (e.g., Paul et al., 2007) for improved accuracy and precision 
of future studies. This study also illustrates the importance of reporting IAEA S-1 δ33S 
values for future normalizations to different standardization scales. 
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5.3 Future Research 
Future multiple S isotope research stemming from this study should focus on a 
broader system-scale approach through multi-faceted investigations of S isotopes 
signatures coupled with regional mapping of hydrothermal systems at various tectonic 
settings. Future research should involve analyzing hydrothermal fluids, volcanic host 
rocks, and sediments, rather than focusing solely on hydrothermal sulfide deposits. 
Constraining these endmember S reservoirs will allow for more refined endmember 
components for multi-component mixing models. Additional multiple S isotope analyses 
should be conducted on samples from the East Pacific Rise in order to build upon the data 
set by Ono et al. (2007) and further constrain two-component mixing between seawater 
sulfate and basalt, as well as at Endeavour in order to map potential locations of 
subseafloor geological anomalies. It is recommended that future studies apply other 
methods (e.g., hydrothermal fluid geochemistry), in conjunction with multiple S isotopes, 
in order to constrain differences in subseafloor geologic composition potentially indicative 
of buried sediment and/or altered basalt. 
5.4 Conclusions  
Multiple S isotope analyses were conducted on SMS deposit samples collected from 
three different hydrothermal vent fields along the Juan de Fuca Ridge in order to constrain 
variations in hydrothermal fluid cycling and related sulfide mineral precipitation between 
sedimented and sediment-free MOR environments. Unexpected standardization issues 
during analyses led to a review of standard use and normalization procedures for multiple 
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S isotope studies in modern systems. New models were developed to encompass the full 
range of S reservoirs affecting submarine hydrothermal vent systems in a ∆33S versus δ34S 
framework, enabling more accurate interpretations of the contributions of different sources 
and fractionation processes to S cycling within hydrothermal systems. At Middle Valley, 
S isotope signatures are indicative of significant microbial influence, but the signatures 
indicate an altered basalt and/or residual sulfate source as opposed to the originally 
hypothesized biogenic sulfide entrainment. Despite being a sediment-free active MOR 
volcano, Axial Volcano S isotope signatures do not exhibit EPR-type two-component 
mixing between seawater sulfate and basalt as originally hypothesized. There is evidence 
that negative Δ33S values from sulfide deposits at Axial may indicate a variety of processes, 
including microbial influence (residual sulfate, altered basalt) and/or SO2 
disproportionation. Analyses of additional sedimented and sediment-free hydrothermal 
systems will be required to establish endmember S isotope signatures for each respective 
substrate.  
As expected, Endeavour S isotope signatures exhibit a mix of values between Axial 
and Middle Valley. Some samples are indicative of EPR-type two component mixing, 
while others likely have a microbial S source. Samples showing evidence of a microbial 
influence could potentially be indicative of a sedimentary source, supporting the theory that 
buried sediment is present underneath later stage basaltic flows at Endeavour. However, 
this interpretation is not definitive as it is impossible to distinguish between 
chemolithoautotrophic MSR supported by basalt and heterotrophic MSR supported by 
organic rich sediments.  
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The analysis and interpretations presented in this study are based on a limited 
sample set from just one mid-ocean ridge. Thus, caution must be applied to the 
interpretations presented here. The analysis of more samples from additional submarine 
hydrothermal vent systems related to a wider range of geological contexts would provide 
greater constraints on the compositions of the various S reservoirs outlined in this study, 
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Appendix A. Reference Data 
 
Table A1: H2S sulfur isotope data from previous studies of modern marine hydrothermal systems, used in 
compilations figures (Data compiled from Peters et al., 2010a; Ono et al., 2007b; McDermott et al., 2015c, 
McDermott et al., 2018d; McDermott, 2015e). 
Location Vent field  Sample δ34S (‰) Δ33S (‰) (exponential)  
SMARa  Turtle Pits 12 ROV-8 bottle 9 6.6 0.016 
SMARa  Red Lion 7 ROV-4 4.6 0.007 
SMARa  Wideawake 3 ROV-3 7 0.001 
SMARa  Red Lion 7 ROV-13 4.9 0.003 
SMARa  Turtle Pits 12 ROV-8 bottle 5 7.1 0.002 
EPRb 9-10˚N 2736-12 4.435 0.0294 
EPRb 9-10˚N 2748-14 4.674 0.0106 
EPRb 9-10˚N 2752-11 5.849 0.0230 
EPRb 9-10˚N 2756-14 4.825 0.0480 
Manus Basinc Su Su Knolls J2-224-IGT1 -2.746 0.0111 
Manus Basinc Su Su Knolls J2-227-IGT1 -5.016 0.0144 
Manus Basinc Su Su Knolls J2-227-IGT2 -4.459 0.0039 
Manus Basinc Su Su Knolls J2-223-IGT7 -4.887 -0.0322 
Manus Basinc PACMANUS J2-222-IGT1 3.851 -0.0044 
Manus Basinc PACMANUS J2-214-lGT8 0.838 -0.0005 
Manus Basinc PACMANUS J2-213-lGT3 5.411 0.0090 
Manus Basinc PACMANUS J2-213-IGT7 1.392 -0.0026 
Manus Basinc PACMANUS J2-208-IGT8 2.991 -0.0342 
Manus Basinc PACMANUS J2-209-lGT6 0.545 0.0024 
Lau Basinc Tui Malila (vent) J2-442-IGT4 2.414 -0.0155 
Lau Basinc Mariner (vent) J2-437-IGT5(rep1) 6.108 0.0150 
Lau Basinc Mariner (vent) J2-437-IGT5(rep2) 5.938 0.0183 
Lau Basinc Mariner (vent) J2-437-IGT6 5.944 -0.0178 
Lau Basinc ABE North (vent) J2-449-IGT6 4.417 -0.0013 
SEPRc Wally (vent) 3296-12C 5.538 -0.0063 
SEPRc Simon (vent) 3288-1C 5.042 -0.0095 
SEPR Hobbes (vent) 3299-9C 5.707 -0.0080 
Guaymas Basinc Busted Mushroom (vent) IGT-T525-4-H2S1 -0.419 -0.0222 
Guaymas Basinc Rebecca's Roost (vent) 4462-IGT1-H2S1 -0.574 -0.0073 
Guaymas Basinc Cathedral Hill (vent) IGT-T526-4-H2S1 2.315 -0.0136 
Guaymas Basinc Theme Park (vent) 4458-IGT1-H2S2(rep1) 4.153 -0.0066 
Guaymas Basinc Theme Park (vent) 4458-IGT1-H2S2(rep2) 4.749 -0.0129 
Mid-Cayman Rised Piccard  J2-613-IGT1 5.8 -0.02581 
Mid-Cayman Rised Piccard  J2-619-IGT4 6.3 0.00094 
Mid-Cayman Rised Piccard  J2-618-IGT2 6.3 -0.01506 
Mid-Cayman Rised Piccard  J2-618-IGT8 6.0 -0.01352 
Mid-Cayman Risee Von Damm J2-612-IGT2 10.6 -0.00704 
Mid-Cayman Risee Von Damm J2-616-IGT8 10.3 -0.02782 
Mid-Cayman Risee Von Damm J2-616-IGT1 11.2 -0.01242 
Mid-Cayman Risee Von Damm J2-617-IGT4 9.9 0.00618 
Mid-Cayman Risee Von Damm J2-617-IGT2 11.2 -0.03842 
Mid-Cayman Risee Von Damm J2-621-IGT4 10.2 0.00693 
Mid-Cayman Risee Von Damm J2-612-IGT8 11.2 -0.00742 






Table A2: Sulfate sulfur isotope data from previous studies of modern marine hydrothermal systems, used 
in compilations figures (Data compiled from Eickmann et al., 2014a; Jaeschke et al., 2014b). 
Location Vent field  Sample δ34S (‰) Δ33S (‰) (exponential)  
Arctic Mid-Ocean Ridgea Loki's Castle GS09ROV7-1-1 23 -0.035 
Arctic Mid-Ocean Ridgea Loki's Castle GS09ROV7-1-2 22.2 -0.031 
Arctic Mid-Ocean Ridgea Loki's Castle GS09ROV7-1-3 23.6 -0.046 
Arctic Mid-Ocean Ridgea Loki's Castle GS09ROV7-1-4 22.2 -0.041 
Arctic Mid-Ocean Ridgea Loki's Castle GS09ROV7-1-5 30.8 -0.103 
Arctic Mid-Ocean Ridgea Loki's Castle GS09ROV7-1-6 24.3 -0.059 
Arctic Mid-Ocean Ridgea Loki's Castle GS09ROV7-1-7 30.8 -0.095 
Arctic Mid-Ocean Ridgea Loki's Castle GS09ROV7-1-8 33.2 -0.125 
Arctic Mid-Ocean Ridgea Loki's Castle GS09ROV7-1-9 33.9 -0.133 
Arctic Mid-Ocean Ridgea Loki's Castle GS09ROV7-1-10 34.2 -0.126 
Arctic Mid-Ocean Ridgea Loki's Castle GS09ROV7-1-11 36.1 -0.159 
Arctic Mid-Ocean Ridgea Loki's Castle GS09ROV7-1-12 32.7 -0.135 
Arctic Mid-Ocean Ridgeb Loki's Castle GS10-ROV8-2b 9.7 -0.014 
Arctic Mid-Ocean Ridgeb Loki's Castle GS10-ROV8-4b 22.3 0.024 
Arctic Mid-Ocean Ridgeb Loki's Castle GS10-ROV8-5b 21.6 0.034 
Arctic Mid-Ocean Ridgeb Loki's Castle GS10-ROV8-6b 21.1 0.031 
Arctic Mid-Ocean Ridgeb Loki's Castle GS10-ROV8-7b 22.5 0.019 
Arctic Mid-Ocean Ridgeb Loki's Castle GS10-ROV8-8b 21 0.025 
Arctic Mid-Ocean Ridgeb Loki's Castle GS10-ROV8-9b 21.3 0.02 
Arctic Mid-Ocean Ridgeb Loki's Castle GS10-ROV8-10a 22.5 0.029 
Arctic Mid-Ocean Ridgeb Loki's Castle GS10-ROV5BS-1 21.1 0.02 
Arctic Mid-Ocean Ridgeb Loki's Castle GS10-ROV5BS-2 20.4 0.013 
 
 
Table A3: Sedimentary sulfide isotope data from previous studies of modern marine hydrothermal systems, 
used in compilations figures (Data compiled from Peters et al., 2011a; Peters et al., 2010b; Eickmann et al., 
2014c). 
Location Vent field  Sample δ34S (‰) Δ33S (‰) (exponential)  
Tyrrhenian Seaa Palinuro Volcanic Complex 872 GC - 50 1 0.031 
Tyrrhenian Seaa Palinuro Volcanic Complex 872 GC - 105 6.1 0.06 
Tyrrhenian Seaa Palinuro Volcanic Complex 872 GC - 130 -0.6 0.032 
Tyrrhenian Seaa Palinuro Volcanic Complex 872 GC - 140 10.2 0.015 
Tyrrhenian Seaa Palinuro Volcanic Complex 872 GC - 170 -18.5 0.134 
Tyrrhenian Seaa Palinuro Volcanic Complex 872 GC - 180 -2.5 0.024 
Tyrrhenian Seaa Palinuro Volcanic Complex 872 GC - 220 -17.1 0.081 
Tyrrhenian Seaa Palinuro Volcanic Complex 872 GC - 230 -25.2 0.046 
Tyrrhenian Seaa Palinuro Volcanic Complex 872 GC - 250 -29.8 0.071 
Tyrrhenian Seaa Palinuro Volcanic Complex 872 GC - 290 -27.5 0.047 
MARb Logatchev 946GC-2/60cm -22.7 0.107 
MARb Logatchev 946GC-2/85cm -22.8 0.107 
MARb Logatchev 946GC-1A/25cm -24.5 0.116 
MARb Logatchev 946GC-1B/25cm -24.5 0.125 
MARb Logatchev 946GC-1/55cm -25.1 0.074 
MARb Logatchev 953GC-2/15cm 6.5 0.018 
MARb Logatchev 953GC-2/55cm 3 0.012 
MARb Logatchev 953GC-1/35cm -12.5 0.114 
MARb Logatchev 953GC-1/55cm -7 0.118 
MARb Logatchev 963GC-1/14–16cm 5.5 0.002 
MARb Logatchev 963GC-1/27–30cm 5.5 0.001 




Table A4: Native sulfur isotope data from previous studies of modern marine hydrothermal systems, used 
in compilations figures (Data compiled from Peters et al., 2011a; McDermott et al., 2015b). 
Location Vent field  Sample δ34S (‰) Δ33S (‰) (exponential)  
Tyrrhenian Seaa Palinuro Volcanic Complex 851RD -4.6 0.035 
Tyrrhenian Seaa Palinuro Volcanic Complex 865RD -9.3 0.067 
Tyrrhenian Seaa Palinuro Volcanic Complex 865RD -6.2 0.056 
Tyrrhenian Seaa Palinuro Volcanic Complex 865RD -2.1 0.044 
Tyrrhenian Seaa Palinuro Volcanic Complex 932RD -9 0.069 
Tyrrhenian Seaa Palinuro Volcanic Complex 932RD -15.7 0.109 
Tyrrhenian Seaa Palinuro Volcanic Complex 932RD -6 0.059 
Tyrrhenian Seaa Palinuro Volcanic Complex 932RD -5.1 0.077 
Manus Basinb DESMOS J2-220-IGT2 -5.197 -0.0092 
Manus Basinb DESMOS J2-220-M4(rep1) -4.776 -0.0115 
Manus Basinb DESMOS J2-220-M4(rep2) -7.686 -0.0013 
Manus Basinb DESMOS J2-220-11-R1 -7.64 0.0099 
Manus Basinb DESMOS J2-220-5-R2 -8.19 -0.0117 
Manus Basinb Su Su Knolls J2-221-IGT5 -3.568 0.0091 
Manus Basinb Su Su Knolls J2-221-IGT6 -1.476 -0.0016 
Manus Basinb Su Su Knolls J2-221-M2 -1.395 0.0027 
Manus Basinb Su Su Knolls J2-221-13-R1A -3.700 0.0222 
Manus Basinb Su Su Knolls J2-221-13-R1B -2.480 0.0000 
 
Table A5: Pyrite sulfur isotope data from previous studies of modern marine hydrothermal systems, used 
in compilations figures (Data compiled from Eickmann et al., 2014a; Ono et al., 2007b; Peters et al., 2010c). 
Location Vent field  Sample δ34S (‰) Δ33S (‰) (exponential)  
Arctic Mid-Ocean Ridgea Loki's Castle GS09ROV7-1 9.9 0.016 
EPRb 13˚N 3938 0.525 0.031 
EPRb 13˚N 3938 0.391 0.030 
EPRb 13˚N 3938 0.925 0.026 
EPRb 13˚N 3938 1.002 0.018 
SMARc Nibelungen 62 ROV-2 (CRS) 4 0.05 
SMARc Nibelungen 62 ROV-6 (CRS) 5.9 0.035 
 
Table A6: Sphalerite sulfur isotope data from previous studies of modern marine hydrothermal systems, 
used in compilations figures (Data compiled from Peters et al., 2010a; Ono et al., 2007b). 
Location Vent field  Sample δ34S (‰) Δ33S (‰) (exponential)  
SMARa Nibelungen 62 ROV-2 (AVS) 5.5 0.033 
SMARa Red Lion 7 ROV-7 (AVS) 2.9 0.008 
EPRb 13˚N 3938 2.18 0.002 
EPRb 13˚N 3938 2.632 -0.002 
EPRb 13˚N 3938 2.046 0.015 
EPRb 21˚S 3290-7-1b 5.307 0.012 
EPRb 21˚S 3290-7-1b 4.863 0.012 
 
Table A7: Marcasite sulfur isotope data from a previous study of modern marine hydrothermal systems, 
used in compilations figures (Ono et al., 2007). 
Location Vent field  Sample δ34S (‰) Δ33S (‰) (exponential)  
MAR Lucky Strike FL24-01 -0.448 0.028 
MAR Lucky Strike FL24-02 0.46 0.033 




Table A8: Seawater isotope data from previous studies of modern marine hydrothermal systems, used in 
compilations figures (Data compiled from Eickmann et al., 2014a; Jaeschke et al., 2014b; Ono et al., 2012c; 
Tostevin et al., 2014d; Johnston et al., 2014e*). 
Location Depth Sample δ34S (‰) Δ33S (‰) (exponential)  
Arctic Mid-Ocean Ridgea,b Ambient deep water GS09CTD7-2 21.3 0.02 
Arctic Mid-Ocean Ridgea,b Ambient deep water GS09CTD84 21.2 0.04 
Hawaiic 1250 mbsl KOK 21.4 0.052 
Hawaiic 2500 mbsl KOK 21.43 0.044 
Hawaiic 3000 mbsl KOK 21.35 0.053 
Hawaiic 12 mbsl KOK 21.26 0.054 
Bermudac Surface EN408 21.31 0.049 
Bermudac 2000 mbsl EN408 21.29 0.053 
Western Pacific Oceand n.d. 1 21.81 0.046 
Western Pacific Oceand n.d. 2 20.17 0.052 
Western Pacific Oceand n.d. 3 21.29 0.045 
Western Pacific Oceand n.d. 4 21.38 0.052 
Western Pacific Oceand n.d. 5 21.26 0.045 
Western Pacific Oceand n.d. 6 21.21 0.051 
Western Pacific Oceand n.d. 7 21.53 0.058 
Western Pacific Oceand n.d. 8 21.04 0.06 
Western Pacific Oceand n.d. 9 21.22 0.057 
Western Pacific Oceand n.d. 10 21.11 0.047 
Western Pacific Oceand n.d. 11 21.62 0.053 
Western Pacific Oceand n.d. 12 21.02 0.054 
Western Pacific Oceand n.d. 13 21.58 0.064 
Western Pacific Oceand n.d. 14 22.05 0.053 
Western Pacific Oceand n.d. 15 21.12 0.033 
Western Pacific Oceand n.d. 16 21.45 0.044 
Western Pacific Oceand n.d. 17 21.73 0.055 
Western Pacific Oceand n.d. 18 22.1 0.044 
Western Pacific Oceand n.d. 19 20.46 0.045 
Western Pacific Oceand n.d. 20 21.08 0.055 
Western Pacific Oceand n.d. 21 20.42 0.061 
Western Pacific Oceand n.d. 22 21.37 0.05 
Western Pacific Oceand n.d. 23 21.2 0.054 
Western Pacific Oceand n.d. 24 21.06 0.05 
Western Pacific Oceand n.d. 25 21 0.054 
Western Pacific Oceand n.d. 26 21.1 0.039 
Western Pacific Oceand n.d. 27 21.39 0.052 
Western Pacific Oceand n.d. 28 21.06 0.036 

















Table A9: Mixed/massive sulfide sulfur isotope data from previous studies of modern marine hydrothermal 
systems, used in compilations figures (Data compiled from Peters et al., 2011a; Peters et al., 2010b; Ono et 
al., 2007c). 
Location Depth Sample δ34S (‰) Δ33S (‰) (exponential)  
Tyrrhenian Seaa Palinuro Volcanic Complex 851RD -3.1 0.012 
Tyrrhenian Seaa Palinuro Volcanic Complex 851RD -4.4 0.015 
Tyrrhenian Seaa Palinuro Volcanic Complex 865RD -21.2 0.011 
Tyrrhenian Seaa Palinuro Volcanic Complex 865RD -26 0.042 
Tyrrhenian Seaa Palinuro Volcanic Complex 865RD -21.5 0.033 
Tyrrhenian Seaa Palinuro Volcanic Complex 865RD -17.1 0.018 
Tyrrhenian Seaa Palinuro Volcanic Complex 865RD -4.2 -0.005 
Tyrrhenian Seaa Palinuro Volcanic Complex 865RD -3.1 -0.012 
Tyrrhenian Seaa Palinuro Volcanic Complex 932RD -17.1 -0.001 
Tyrrhenian Seaa Palinuro Volcanic Complex 932RD -19.6 0.025 
SMARb Comfortless Cove 20 ROV-1A (CRS) 6.3 0.014 
SMARb Comfortless Cove 20 ROV-2 (total) 6.6 0.002 
SMARb Comfortless Cove 20 ROV-2 (CRS) 6.5 0.002 
SMARb Comfortless Cove 20 ROV-3a (CRS) 4.4 0.024 
EPRc 9-10˚N 2748-6-2 3.471 0.0029 
EPRc 9-10˚N 2736-3-4 2.634 0.0004 
EPRc 9-10˚N 2752-4-7 3.288 0.0060 
EPRc 9-10˚N 2756-4-2 1.341 0.0226 
 
 
Table A10: Chalcopyrite sulfur isotope data from previous studies of modern marine hydrothermal 
systems, used in compilations figures (McDermott et al., 2015a; Ono et al., 2007b; Peters et al., 2010c). 
Location Depth Sample δ34S (‰) Δ33S (‰) (exponential)  
Manus Basina Su Su Knolls J2-223-1-RIA(1) -4.431 0.0064 
Manus Basina Su Su Knolls 2-223-1-R1A(2) -4.131 0.0056 
Manus Basina PACMANUS J2-209-1-R1(1) -0.740 -0.0018 
Manus Basina PACMANUS J2-209-1-R1(2)(rep1) -0.368 0.0125 
Manus Basina PACMANUS J2-209-1-R1(2)(rep2) -0.792 0.0170 
Manus Basina PACMANUS J2-213-6-R1 5.640 0.0114 
Manus Basina PACMANUS J2-214-3-R1A(rep1) 0.498 -0.0014 
Manus Basina PACMANUS J2-214-3-R1A(rep2) 0.431 0.0001 
Manus Basina PACMANUS J2-222-4-R1-SO 3.61 -0.0065 
Manus Basina PACMANUS J2-222-4-R1-SP 3.896 -0.0225 
Manus Basina PACMANUS J2-213-3-R1A 2.557 0.0050 
Manus Basina PACMANUS J2-208-1-R1 2.818 -0.0073 
Manus Basina Su Su Knolls J2-227-10-R1-TS -5.477 -0.0046 
Manus Basina Su Su Knolls J2-224-12-R1 -2.925 0.0124 
Lau Basina Mariner (vent) J2-437-3-R3 5.299 0.0115 
Lau Basina Tui Malila (vent) J2-442-4-R2(1)(rep1) 3.516 -0.0062 
Lau Basina Tui Malila (vent) J2-442-4-R2(1)(rep2) 3.517 -0.0107 
Lau Basina Tui Malila (vent) J2-442-4-R2(2) 3.18 -0.0024 
Lau Basina ABE North (vent) J2-449-6-R1(1) 3.861 -0.0036 
Lau Basina ABE North (vent) J2-449-6-R1(2) 4.198 -0.0168 
Lau Basina ABE North (vent) J2-449-6-R1(3) 4.08 -0.0091 
SEPRa Simon (vent) 3288-5-1a 3.709 -0.0034 
SEPRa Wally (vent) 3296-4 4.644 -0.0130 
SEPRa Hobbes (vent) 3299-6-1e 4.697 -0.0122 
Guaymas Basina Busted Mushroom (vent) T591-TA4-28a -1.350 -0.0035 
EPRb 21˚S 3290-7-1b 4.543 0.005 
EPRb 21˚S 3290-7-1b 4.558 0.008 
MARb Lucky Strike FL24-01 1.72 0.023 
MARb Lucky Strike FL29-02 3.584 0.008 
SMARc Red Lion 7 ROV-7 (CRS) 2.5 0.017 




Table A11: Basalt sulfur isotope data from previous studies of modern marine hydrothermal systems, used 
in compilations figures (Data from Peters et al., 2010a; Ono et al., 2012b). This list is not comprehensive. 
Location Depth Sample δ34S (‰) Δ33S (‰) (exponential)  
SMARa Comfortless Cove 20 ROV-3B (CRS) -1.7 -0.008 
SMARa Wideawake 12 ROV-3B (CRS) -1.6 -0.008 
EPRb 9˚N ALV4055-B6 -0.06 0.0110 
EPRb 9˚N ALV4055-B6 -0.13 -0.0020 
EPRb 9˚N ALV4055-B6 -0.4 -0.0100 
EPRb 9˚N ALV4055-B6 -0.07 0.0050 
MARa Logatchev 954 RD-2 12–15cm -3 0.029 
MARa Logatchev 954 RD-4 0–10cm 0.3 0.023 
MARa Logatchev 954 RD-4 38–43cm -2.7 0.063 
MARa Logatchev 962 RD-8 20–25cm 3 0.01 
MARa Logatchev 962 RD-11 55–60cm 0.7 0.013 
JdFRb N/A 1301B1-1 -5.1 0.0050 
JdFRb N/A 1301B2-2 -1.8 0.0040 
JdFRb N/A 1301B4R2-122B -0.1 -0.0130 
JdFRb N/A 1301B4R2-122G -0.1 -0.0130 
JdFRb N/A 1301B4-2 1 -0.0040 
JdFRb N/A 1301B5-2 0.2 -0.0170 
JdFRb N/A 1301B5-2 -2.1 0.0080 
JdFRb N/A 1301B6-2G -2.7 -0.0160 
JdFRb N/A 1301B12R-1-28G -0.8 0.0110 
JdFRb N/A 1301B14R1-65P -1.7 0.0000 
JdFRb N/A 1301B14R1-65P -4.1 0.0010 
JdFRb N/A 1301B14R1-65B -10 0.0099 
JdFRb N/A 1301B14R1-65G -1 -0.0080 
JdFRb N/A 1301B14-1G -5.7 -0.0419 
JdFRb N/A 1301B14-1B -9.3 -0.0527 
JdFRb N/A 1301B14-1B -13.7 -0.0566 
JdFRb N/A 1301B17-16G -2.7 -0.0050 
JdFRb N/A 1301B19R1-41G -2.9 -0.0150 
JdFRb N/A 1301B19R1-41G -3.5 -0.0050 
JdFRb N/A 1301B19R1-41B -4.4 -0.0140 
JdFRb N/A 1301B19R1-41B -0.5 -0.0140 
JdFRb N/A 1301B20-1 -0.9 -0.0130 
JdFRb N/A 1301B23R2-66P -9.6 -0.0040 
JdFRb N/A 1301B23R2-66G -5.1 -0.0090 
JdFRb N/A 1301B23R2-66G -0.7 -0.0050 
JdFRb N/A 1301B23R2-66B -0.9 -0.0090 
JdFRb N/A 1301B23-2B 0 0.0020 
JdFRb N/A 1301B23-2G 0 -0.0030 
JdFRb N/A 1301B23-2G -2.1 -0.0130 
JdFRb N/A 1301B25R1-123P -3.4 -0.0170 
JdFRb N/A 1301B25R1-123G -5.2 -0.0140 
JdFRb N/A 1301B25R1-123B -1.5 -0.0010 
JdFRb N/A 1301B26-1G -1.2 0.0020 
JdFRb N/A 1301B26-1G -0.9 -0.0050 
JdFRb N/A 1301B32R3-50G -1.4 0.0050 
JdFRb N/A 1301B32R3-50G -1.6 0.0080 
JdFRb N/A 1301B32R3-50B -4.2 0.0080 
JdFRb N/A 1301B36R1-53G 0.1 -0.0030 
JdFRb N/A 1301B36R1-53B -1.7 0.0020 
JdFRb N/A 1301B36R1-53G -1.5 0.0040 
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Appendix B. Sample Data 
 
Table B1: Sulfide samples and corresponding silver sulfide yields from analyses at University of Maryland 
(May 2018). Sample purities ranged from 80-99%, however specific estimates were lost and irretrievable 
after a hardware issue and failed data backup.   
Mineral Sample Ag2S Full Yield (mg) 
Py D264-R2 7.17 
Sph ALV4450-1538 0.638 
Py D266-R6 3.931 
Po D265-R3 2.594 
Py D266-R8 1.726 
Py R1941-RCK12 5.235 
Sph ALV4451-1725 8.591 
Po ALV4522-1748 2.229 
Po R1942-RCK16 5.761 
Py R1940-RCK4 8.248 
CuPy ALV4438-1816 6.627 
Po R1938-RCK22 1.973 
Py R1938-RCK21 6.32 
Py R1938-RCK16 5.147 
Po R1942-RCK10 2.168 
CuPy R1939-RCK14 4.61 
Po ALV4449-1938 1.303 
Py R1940-RCK7 1.04 
Po D264-R2 2.275 
(Redo)D264-R2 7.761 
Py R1940-RCK6 0.849 
(Redo)R1940-RCK6 3.98 
Po R1942-RCK8 0.975 
(Redo)R1942-RCK8 2.543 
Mrc R1939-RCK13 5.731 
CuPy ALV4522-1748 3.974 
Py R1940-RCK8 2.45 
CuPy D266-R6 4.234 
CuPy R1941-RCK12 3.467 
Py R1941-RCK13 1.144 
Po (Redo)D265-R3 10.493 
 
Table B2: Sulfate samples analysed at University of Maryland (May 2018). 
Sample Location Sub location Cruise Mineral 
D264-R22 Endeavour West of MEF (Outside Valley) MBARI - Western Flyer - 2011 Barite 
ALV4522-1748 Axial International District At15-47 - Atlantis - 2009 Anhy  
ALV4451-1725 Endeavour Sasquatch AT15-36 - Atlantis - 2008 Anhy  
ALV4450-1538 Endeavour Mothra AT15-36 - Atlantis - 2008 Anhy  







Table B3: Sulfide and sulfate samples and corresponding silver sulfide yields from analyses at Harvard 
University (February – March 2019). 







ALV4438-1816 Endeavour MEF AT15-36 - Atlantis - 2008 CuPy 98 21%* 
ALV4450-1538 Endeavour Mothra AT15-36 - Atlantis - 2008 Anhy 95 71% 
ALV4450-1829 Endeavour Mothra AT15-36 - Atlantis - 2008 Barite 90 76% 
ALV4451-1725 Endeavour Sasquatch AT15-36 - Atlantis - 2008 Wz 85 30%* 
ALV4522-1725 Axial International 
District 
At15-47 - Atlantis - 2009 Py 98 
73% 
ALV4522-1748 Axial International 
District 
At15-47 - Atlantis - 2009 CuPy 95 
92% 
D264-R2 Endeavour Salty Dawg MBARI - Western Flyer - 2011 Py 95 34%* 
D265-R3 Endeavour Sasquatch MBARI - Western Flyer - 2011 MgPy 99 83% 
D266-R6 Endeavour Flank of 
Zephyr Mound 
MBARI - Western Flyer - 2011 CuPy 90 
92% 
D266-R8 Endeavour North of 
Zephyr Mound 
MBARI - Western Flyer - 2011 Py 100 
83% 
R1938-RCK-21 Endeavour Sasquatch CCGS Tully - 2016 Py 99 23%* 
R1938-RCK-22 Endeavour Sasquatch CCGS Tully - 2016 Po 95 75% 
R1939-RCK-13 Endeavour SE of MEF CCGS Tully - 2016 Mrc 95 77% 
R1940-RCK-4 Endeavour North of MEF  CCGS Tully - 2016 Py 90 94% 
R1940-RCK-6 Endeavour North of MEF  CCGS Tully - 2016 Py 99 86% 
R1940-RCK-7 Endeavour North of MEF  CCGS Tully - 2016 Py 100 31%* 
R1941-RCK-12 Endeavour High Rise CCGS Tully - 2016 Py 100 63% 
R1941-RCK-13 Endeavour High Rise CCGS Tully - 2016 Py 100 26%* 
R1942-RCK-10 Middle 
Valley 






Bent Hill CCGS Tully - 2016 Po 100 
88% 
R1942-Rock 8 Middle 
Valley 
Bent Hill CCGS Tully - 2016 Po 90 
75% 





Figure B. 1 Biplot of renormalized δ34S data from UMD against corresponding values from Harvard. 1 
































Figure B. 2 Biplot of renormalized Δ33S data from UMD against corresponding values from Harvard. Error 
bars are 1. 
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